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ABSTRACT 
The compounds (PF 2)OCH 2CCCH 20(PF 2) and PF 20CH 2CH 2CN have been 
prepared by reaction of S(PF 2 ) 2 with HOCH 2CCCH 20H and HOCH 2CH 2CN 
respectively. They have been characterised by nuclear magnetic resonance 
and infra-red spectroscopy, and for (PF 2)OCH 2CCCH 20(PF2) by Raman 
spectroscopy also. The gas phase molecular structures of these compounds 
have been determined by electron diffraction. Some reactions of these 
compounds with the molybdenum(0) complexes [Mo(CO)511 - and Mo(CO)4(nbd) 
were studied using 31 P and 19F n.m.r. spectroscopy. 
The molecular structure of PO(OPF 2 ) 3 in the gas phase was determined and 
compared with the previously obtained crystal structure. The main differences 
compared to the solid state were a shorter P'=O' bond length, a narrower OP'O 
angle and a larger P'OPF dihedral angle. These differences have been explained 
in relation to intermolecular contacts within the crystal. 
The gas phase structure of PF 2 N(CH 3 ) 2 was re-determined by electron 
diffraction. The results were similar, but more precise, than those determined 
previously and again indicated a non-planar arrangement at the nitrogen atom. 
The gas phase structure of PF 2 0CH 3 was determined by a combined analysis 
of electron diffraction data and observed rotation constants from the literature. 
For this purpose a force field was determined for the molecule using 
previously assigned vibrational frequencies. 
The determined structures were compared with published structures of 
other PF 2Y- compounds obtained by electron diffraction. A correlation was 
found between the P-F and P-V bond lengths for compounds with V = 0, N 
and S. The relationship between P-F distance and FPF angle was also 
investigated for these compounds. 
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CHAP7ER 11 
OTECQJJCTO 
A summary of some of the previous work on fluorophosphines is given 
here as a background to the work in this thesis. It is not meant to be a 
comprehensive review of the subject. Similarly, the introduction to electron 
diffraction is meant simply as a basis for discussions of the structural work 
carried out here. 
M. Synthetic Routes to Difluorophosphines 
Several routes have been used for the synthesis of difluorophosphines, 1 
though some are rather specialised, 2-4 applying only to one or two 
compounds, and will not be discussed here. The original route which was 
generally used was fluorination of dichlorophosphines, but exchange reactions 
of difluorophosphines halides with metal salts and silyl or tin compounds have 
also been widely used. Since difluorophosphines are air and moisture sensitive 
all reagents must be thoroughly dried and all manipulations carried out under 
either vacuum or a dry, inert atmosphere. 
1.1.1. Fluorination of Dichiorophosphines 
Fluorinating agent 
	
PCI 2OR 	 > PF20R 
5-7 
PCI 2 NR2 	 -* PF2NR2 
8-10 
N(PCI 2 ) 2R 	 > N(PF2)2R 
11 
The fluorinating agent most frequently employed has been antimony 
trifluoride,5791  but sometimes sodium fluoride has been used. 
8,9 This 
method has been extensively applied, but suffers from a number of 
disadvantages. Firstly, a suitable chloride is needed and, since these are 
normally fairly unstable, this may require a difficult or tedious preparation. 
Also, the fluorination reaction is very exothermic and is thus not well suited to 
the preparation of compounds of low thermal stability. 
1.1.2. Exchange Reactions of Difluorohalophosphines with Metal Salts 
This method has been used to prepare various types of difluorophosphine. 
	
MR + PF 2X 	> PF 2R + MX 
R = CN, 12 CH=CH,Y C51-15 
14 
A9OCOR + PF 2X 	> PF 2000R + AgX 15 
Several metals have been employed, most commonly silver, 
15,16 but also 
mercury, 13  copper, 12 and tellurium. 
14 This type of reaction has the advantage 
that it will proceed under mild conditions and so is suitable for the preparation 
of thermally unstable compounds. It is also easy to separate the volatile 
fluorophosphine from the involatile metal salt. However, a suitable starting salt 
is required and this may be difficult, or even impossible, to make. 
1.1.3. Exchange Reactions of Difluorohalophosphines with Silyl, Germyl or Tin 
Compounds 
Y(MH 3 ) 2 + 2 PF 2X 	> Y(PF 2 ) 2 + 2MH 3X 17 ' 18 
M= Si, Ge ; Y=O,S,Se 	X= Br, Cl 
These reactions are rather slow and often give mixed MH 3/PF 2 compounds, but 
they can give pure samples. In contrast, the reactions with analogous 
tributyltin compounds are rapid and give full substitution by -PF 2 
Y(SnBu 3) 2 + 2 PF2X 	-> Y(PF 2 ) 2 + 2 SnBrBu3 
Y = 	19 s, 18 ' 2° Se 18 
Another advantage is that separation of products is easy since SnBu 3Br is of 
low volatility. A similar reaction with nitrogen compounds is also possible. 
N(SnMe3)3 + 3 PF 2 CI 	> N(PF 2) 3 + 3 SnCIMe 3 
For monosilyl oxygen compounds the reaction with chlorofluorophosphine 
seems to give an effective route to a wide range of compounds. 
22 
-2-- 
S1Me 30R + PCIF2 	—> PF20R + S1CIMe3 
With a related nitrogen compound it was found 
21  that only one silyl group can 
be replaced, and in this respect the silyl group differs from the trialkyltin 
group. 
NMe(SiMe 3 ) 2 + PCIF 2 	-> NMe(PF 2)SiMe 3 + S1CIMe 3 
It also appears that the trimethyl tin group is replaced preferentially to 
trimethylsilyl, as the reaction of NSiMe 3(SnMe 3 )2 with PCIF 2 gives 
21 
N(PF 2 ) 2 SiMe 3 . The above methods provide fairly good routes to many 
difluorophosphines and the silyl or tin precursors are often readily prepared. 
1.1.4. Reactions of Difluorohalophosphines with Protonic Species 
These reactions must be carried out in the presence of excess base in 
order to remove the hydrogen halide which is produced as a by-product. 
YHR + PF 2X + Base 	> PF2YR + BaseHX 
X=F,Y=0 23 ; XCI,YS 24 
Bases which have been used include trimethylamine and pyridine. With 
nitrogen compounds the substrate also acts as the base. 
3 NHR 2 + 2 PF 3 	> 2 NPF2 R 2 + NH 2 R 2 °HF 2 3 ' 25 
R = H, alkyl 
If there are two hydrogen atoms attached to the nitrogen atom then only one 
of them is replaced by -PF 2. If a base is not used then the hydrogen halide 
produced will cleave the P-Y bond  and the reaction will not proceed. One 
advantage of this reaction is that it provides a single step preparation of 
difluorophosphines from alcohols or amines, which are often readily available. 
However, the use of excess base is slightly inconvenient since it is another 
potential source of moisture and must be dried. The base must also be chosen 
with care to ensure it can be separated from the desired product. Moreover, 
yields for these reactions are often rather low. 
- 3 - 
1.1.5. Reaction of Bls(difeuorophosphino)sulphide with Protonic Species 
	
YHR + S(PF2)2 	> PF2YR + PF2HS 
Y = 0,26 	S 27 	R = Alkyl, Aryl 
The by-product, PF 2HS, is a pentavalent phosphorus compound probably 
formed by rearrangement of PF 2(SH), the expected initial product. Amines also 
react, though only one hydrogen atom can be replaced. 
NHR 2 + S(PF 2 ) 2 	> NPF 2 R 2 + PF 2 HS 28 
R = H, Alkyl 
Reaction with acidic substrates is also possible. 
C0(OH)R + S(PF 2 ) 2 	> PF2000R + PF 2 HS 29 
P0(OH)R 3_ + S(PF 2 ) 2 	> P0(0PF2)R3_ + PF 2 HS 30 (For n=1-3) 
The above reaction has also been carried out using phosphorus(III) acids. 31 
These reactions are extremely useful as they provide a means of preparing 
difluorophosphines from readily available compounds in a simple, single step 
reaction involving only the substrate and reagent, though a solvent can also 
be used. Furthermore, the reactions are normally rapid and often give near 
quantitative yields. Separation of the products is usually easy since most 
difluorophosphines are considerably less volatile than both the PF 2 HS 
by-product and the reagent. Also, as shown above, this reaction can be 
applied to a wide range of compounds. 
1.2. Transition Metal Complexes of Fluorophosphines 
Fluorophosphines, like carbon monoxide, stabilise low oxidation states of 
transition metals in their complexes. Such low oxidation state complexes are 
of interest partly because of their potential application in catalysis. 
The phosphorus-metal bond in phosphine complexes has been explained 32 
as a combination of a- and Tr-bonds. The a-bond arises from donation of the 
lone pair of electrons in the phosphorus sp 3 orbital to suitable metal orbitals. 
The it-bonding is due to back-donation of electrons in the metal d-orbitals to 
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the empty phosphorus 3d-orbital. These effects work synergically, with the 
a-donation and it-back-donation reinforcing one another. However, there is 
some controversy over this view. Nixon 1 has concluded that the exact extent 
to which each of these effects contribute to the bonding is not certain. 
Nevertheless, it would be expected that a strongly electronegative substituent, 
such as fluorine, attached to the phosphorus atom would reduce a-donation 
and increase ri-acceptor ability. 
There is substantial evidence to support the notion of TT-bonding in 
fluorophosphine complexes. The facts that fluorophosphines stabilise metals in 
low oxidation states, and that there are very few complexes in higher oxidation 
states, suggest that some mechanism is decreasing the electron density on 
the metal. Additionally, there are no low oxidation state complexes of NF 3 , 
which does not have d-orbitals of suitably low energy for bonding to the 
metal. This seems to implicate the phosphorus d-orbitals of fluorophosphines 
in the reduction of electron density on the metal. Replacement of carbon 
monoxide ligands in a complex by fluorophosphine ligands causes less of a 
change in the carbonyl stretching frequencies of the remaining ligands than 
for almost any other type of ligand. This implies some similarity in the mode 
of bonding for carbon monoxide and fluorophosphines. However, this 
observation could also be explained as simply due to very weak a-donation by 
the fluorophosphine ligand. Changes in the phosphorus-fluorine stretching 
frequencies have been observed upon coordination of fluorophosphine ligands. 
These have been explained by Kruck 33 in terms of the effect of the 
metal-phosphorus a and it bonds on the (p+d)ir-bonding contribution to the 
phosphorus-fluorine bond. However, the existence of (p-d)ir-bonding is itself a 
subject of considerable debate. 
Of all fluorophosphines, trifluorophosphine should be the best it-acceptor 
and a large number of complexes have been prepared with this ligand. 33 
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Difluorophosphines, whilst perhaps not quite such good iT-acceptors as 
trifluorophosphine, have the advantage that, by varying the group attached to 
the phosphorus atom, a large range of ligands is possible. It is possible to 
have multidentate ligands, either by incorporating more than one -PF 2 group in 
a molecule, or by introducing another type of potential coordination site. 
These ligands may then bridge between metals or, if they are of suitable 
geometry, form chelates. For example, NMe(PF 2 ) 2 may chelate or form terminal 
ligands, 34 depending on the conditions, and it has also been observed 
bridging. 35 The metals most commonly used for forming complexes with 
difluorophosphines are chromium, molybdenum and tungsten, though iron, 
nickel, manganese and others have also been employed. 
1.3. Synthetic Routes to Fluorophosphine-Metal Complexes 
Numerous methods have been used to obtain metal complexes containing 
fluorophosphine ligands. The simplest and most widely applicable routes are 
probably those involving the displacement of other ligands from existing 
complexes. 
1.3.1. Displacement of CO from Metal Carbonyls 
This route has been very extensively used, particularly for PF 3 
complexes. 33,36-38 
M(CO) + n PF 3 	-> M(CO)(PF3) + n CO (For n=1 to x) 
It is normally necessary for these reactions to be either thermally or 
photochemically induced. Mixtures of complexes with various values of n are 
usually obtained, though photochemical reactions have been found 38  to be 
more controllable. This reaction has been applied to some difluorophosphine 
ligands, though the often poor thermal stability of these ligands limits the 
usefulness of methods involving high temperatures. 
1.3.2. Displacement of Organic Ugands 
These reaction can be carried out under milder conditions than the 
displacement of CO and so are more suitable for ligands of low thermal 
stability. This method is also more controllable since, in the product, the 
phosphorus ligand will usually only be found at the sites previously occupied 
by the organic ligand. Ligands which have been replaced in such reactions 
include cyclopentadienyl, 34 ' 41 cyctoheptatriene 42 and norbornadiene. 26 ' 27 ' 4244 
Mo(CO) 4(nbd) + 2 PF 2 R 	> Mo(CO) 4 (PF 2 R) 2 + nbd 
nbd = norbornadiene 
The reaction with norbornadiene complexes is particularly useful as the cis 
complex is usually obtained 42  and if the ligand is bidentate it may chelate. 43 
1.3.3 Displacement of Iodide 
The displacement of I from the convenient starting material 
[C5H5NCH3]1M0(C0)5I1_ is useful for attaching just one -PF 2 group per metal 
atom. 26 ' 27 If the ligand is bidentate then it will probably bridge between two 
metal centres. 
2 [Mo(CO)511 -  + (CH 2)(YPF 2 ) 2 	> (CH 2)(YPF 2 ) 2 [Mo(CO) 5 ] 2 + 2 1 
1.4. N.mr. Spectra of Fluorophosphines and their Complexes 
The nuclei 31 P and 19F both have spin 1/2 and, being the only stable nuclei 
of these elements, also have 100% natural abundance. This makes phosphorus 
and fluorine nuclear magnetic resonance spectroscopy very useful tools for 
investigating fluorophosphines and their complexes. In appropriate cases 1 H 
and 13C n.m.r. can also be useful. 
The value of the phosphorus chemical shift is strongly dependent on the 
oxidation state of the phosphorus atom. A phosphorus(III) compound will 
usually give a chemical shift over 100 ppm larger (to high frequency) than that 
of a corresponding phosphorus(V) compound. 1 The one-bond 
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phosphorus-fluorine coupling constant is also normally higher, by 100 Hz or 
more, in a phosphorus(III) compound than in a phosphorus(V) compound. 
For difluorophosphines (PF 2X) both oP and OF, and to some extent 1 JPP are 
sensitive to the nature of the group X, and in particular, to the atom directly 
attached to the phosphorus atom. By comparison of these values for an 
unknown compound with those of known compounds  it is often possible to 
determine what type of group X is. For difluorophosphines OP is normally 
found in the range 97 ppm (PF 3) to 296 ppm [Te(PF2)2], 28  OF between -32 ppm 
(PF 3) and -104 ppm (PF 2Et), and 1JPF  values vary from 1400 Hz (PF 3) down to 
1114 Hz (PF 2Et). For monofluorophosphines the values are broadly similar, 
though some are outside the above ranges. In particular, I JPF tends to be 
lower than in similar difluorophosphines and may be as low as 823 Hz (PFMe 2 ). 
Values of both the phosphorus and fluorine chemical shifts and of the P-F 
coupling constant generally change when the ligand complexes to a metal. 
Shifts to high frequency are normally observed for both 6P 1 ' 26 ' 45 and 
6F, 26 ' 41 ' 46 though there are exceptions 27 and the magnitude of this shift is 
variable. The absolute value of 1PF  is usually reduced ' 26 ' 27 '45 '46 upon complex 
formation, though again this is not without exception. 43 
When two -PF 2 groups are attached to a single metal centre, second order 
spectra usually result. However, these can often be analysed as due to [AX2]2 
spin systems 47  and, in this way, coupling constants obtained. The two-bond 
phosphorus-phosphorus coupling in such a complex is usually greater if the 
-PF 2 groups are trans to each other than when they are ci. 48 though for any 
one value it is not possible to be certain of the arrangement. The three-bond 
phosphorus-fluorine coupling is usually less than 5 Hz in a cis complex but 
larger (Ca 30 Hz) for a trans complex.1 
1.5. Vibrational Spectra of Fluorophosphines 49 
The strongest and most characteristic peaks observed in the infra-red 
spectra of fluorophosphines are those due to P-F stretching modes. These 
appear to fall in an overall range from 958 to 710 cm -1 , though a restricted 
range between about 860 and 760 cm -1 seems to cover those in PF 2O-  
compounds. 2328 There does not appear to be any clear difference between the 
P-F stretching frequencies of phosphorus(III) and phosphorus(V) compounds. 
Little change in frequency occurs upon complex formation. Vibrations due to 
P-F deformations occur in the approximate region between 500 cm -1 and 
300 cm -1 but there are likely to be many other vibrations in this region so 
these are not diagnostically useful. 
In alkyl PF 20- compounds vibrations of the P-O-C linkage usually give 
fairly strong peaks, though there seems to be some variation in the 
assignment of these. There is probably considerable mixing between the C-O 
and P-O stretching modes anyway. The most characteristic feature is a very 
strong peak near 1030 cm- 1, usually assigned to the C-O stretch. The P-O 
stretch appears between 875 and 730 cm -1 . A further band due to 
deformations may appear between 1240 and 1085 cm -1 , but this can be of 
very variable intensity. 
1.6. Structure Determination by Electron Diffraction 
As a method for determining structures, electron diffraction suffers from a 
number of disadvantages over some other diffraction techniques, such as 
X-ray crystallography. The size of the molecule and, perhaps more importantly, 
the number of parameters which can be determined are quite limited. In 
addition, a reasonable knowledge of the approximate structure is necessary 
before accurate determination is possible. However, the great advantage of 
electron diffraction is that it allows the determination of the structure of an 
essentially isolated molecule, free from any intermolecular forces which may 
distort it. 
The description of some of the theory and practice of electron diffraction 
given in this section is both brief and non-mathematical and serves merely as 
an introduction to the later structural determinations. 
1.61. Theory 50 
The interaction between a free electron and an atom may occur either 
elastically or inelastically. It is only the results of the elastic interaction which 
give structural information, so the theory will concentrate on this. 
Scattering 	occurs when 	an 	electron 	encounters the 	spherical 
electromagnetic force field which surrounds the nucleus of an atom. The 
wavefunction for this scattered electron is given by the solution of the 
Schrôdinger wave equation for the interaction. This solution can be obtained in 
a form which gives the wavefunction, and thus the intensity, in terms of 
scattering amplitudes. These may be found analytically only if an 
approximation, the first Born approximation, is made, but nowadays scattering 
amplitudes based partly on numerical solutions are available. 
51  Thus an 
expression for the electron intensity scattered from a given atom can be 
obtained. 
The next stage is to extend this to determine the scattering caused by a 
molecule. To do this it is assumed that the molecule can be treated as an 
assembly of atoms which each scatter as if they were isolated - the so-called 
independent atom approximation. In this situation the wavefunctions describing 
scattering from each atom combine to give the observed diffraction pattern. 
The total elastic scattering intensity will be given by a summation of the 
contributions from all atom pairs, which will depend on their scattering 
amplitudes and the distance between them. A complication arises because, in 
a real molecule, the interatomic distances are not constant owing to molecular 
vibrations. This necessitates the replacement of the fixed distance by a 
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distance distribution function. It is often adequate to use a Gaussian 
distribution, which corresponds to a harmonic vibration, but an approximation 
to a ground state vibration for the Morse function can be made by inclusion of 
an asymmetry constant and this is often done for bonded distances. Each 
distance is therefore now defined by a mean distance, an amplitude of 
vibration and possibly an asymmetry constant. Thus it is possible to predict 
the elastic scattering from a given molecule described by such a set of 
parameters. - 
The inelastically scattered electrons, together with scattering from stray 
molecules in the vacuum chamber and X-rays from electrons striking parts of 
the apparatus, produce a background which is effectively independent of 
structure. 
The interatomic distances determined directly from electron diffraction are 
referred to as r a  distances and correspond to the centre of moments for the 
distance distribution. These distances are not the same as those obtained by 
other methods such as microwave spectroscopy or theoretical calculation and 
therefore are not, strictly, directly comparable. However, for general 
comparisons, particularly if random errors are fairly large anyway, these 
differences between types of distance are not a serious problem. Another 
important aspect of ra  structures is that they may be subject to shrinkage 
effects. This is most easily demonstrated for a linear triatomic molecule where 
the average distance between the two terminal atoms will be less than the 
sum of the two bond lengths because angle bending vibration can only lead to 
a shortening of the actual distance and thus the average too. The effect on 
the determined structure will be that the angle will appear to be less than 
180 0 .  Since this effect is dependent on the magnitude of the bending vibration 
it will be most significant for distances with large amplitudes of vibration. 
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1.6.2. Experimental 
The data for the structures in this thesis were collected using the 
Edinburgh/Cornell diffraction apparatus, 
52 but the fundamental design of most 
other gas diffraction equipment is the same. An electron gun produces and 
accelerates the electrons through the required potential. here 45 kV. The 
sample is introduced into the vacuum chamber through a nozzle, giving a 
narrow jet of gaseous sample, then condensed onto a cold trap to prevent it 
building up in the chamber. The electron beam is focussed onto this sample 
jet just above the nozzle by means of electromagnetic lenses. The subsequent 
scattered beam is then incident on a photographic plate which records the 
diffraction pattern. For this work Kodak Electron Image plates were used. A 
rotating sector placed just in front of the photographic plate exposes the 
edges of the plate for longer than the centre in order to keep the resulting 
optical density fairly constant across the plate. 
An ampoule containing the sample is attached to a socket which leads to 
the nozzle. When the ampoule is opened the sample evaporates and the 
gaseous compound passes out through the nozzle into the vacuum chamber. If 
the sample is of low volatility at room temperature it may be necessary to 
warm both the sample and nozzle. Three plates are normally exposed for each 
of two different nozzle-plate separations (camera distances). The diffraction 
pattern of benzene is also recorded for each camera distance and, since the 
structure of benzene is known accurately, this allows appropriate values of the 
distance and electron wavelength to be calculated for each nozzle position. 
The developed plates are analysed using a microdensitometer, which measures 
the optical density at many points across the plate. The instrument used for 
the analysis of the plates obtained at Edinburgh is a Joyce-Loebel 
Microdensitometer 53  situated at the S.E.R.C. Daresbury laboratory. The data are 
produced as a digital file of optical density versus a parameter, s given by 
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s=(41T/X)sin(8/2) where X is the electron wavelength and e is the diffraction 
angle. 
11.6.3. Data Reduction and Structure Refinement 
The data files are transferred to a computer where the subsequent analysis 
is performed using standard programs 53,54 and the scattering factors of 
Schfer et a151 The optical density values are first converted to a measure of 
the incident electron intensity from the known characteristics of the 
photographic plates. It is also necessary to correct for the effect of the sector, 
which is possible since its shape and size are known accurately. A further 
correction allows for the fact that, since the plate is flat, all points on it are 
not quite the same distance from the nozzle and, apart from at the very 
centre, the incident beam is not perpendicular to the plate. Data for all plates 
of the same distnce are now combined and an empirical background, found 
by fitting a cubic function to the data, subtracted. This does not affect the 
structural component of the data since this is fluctuating too rapidly with s to 
be fitted to any significant extent by the slow variations of a cubic function. 
The result is a set of data representing elastic scattering by the molecule 
alone, the molecular scattering curve, for each camera distance. The ends of 
these curves contain data which are not as reliable as those nearer the centre. 
Therefore the extreme values, above and below the points Smax  and Smin 
respectively, are discarded and the rest of the data set is modified by a 
statistical weighting function. This is defined by the points sw 1 and sw2 such 
that between sw 1 and 5mifl  and Sw2 and Smax  the weighting function drops 
linearly from unity to zero. Finally, each data set is multiplied by a scale factor, 
which is a refinable parameter, so that it can be directly compared with 
predicted data for the proposed structure. 
Although it is the experimental and theoretical molecular scattering curves 
which are compared during refinement, the data are more easily interpreted as 
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a radial distribution curve. This is obtained by Fourier transformation of the 
molecular scattering curve and shows scattering intensity against distance. It 
is effectively a combination of peaks, each one corresponding to an 
interatomic separation and with width proportional to the amplitude of 
vibration and with an area proportional to the total scattering for that 
separation. However, the transformation requires data for the full range of s 
values between zero and infinity as otherwise a distorted curve is obtained. As 
this is clearly not possible, theoretical data are added below the sw 1 value of 
the data from long camera distances using a weighting function 
complementary to that for the experimental data. The same procedure is used 
to add theoretical data between Sw 2 for the data from camera distances and 
s=0.36 pm -1 . An artificial damping factor is applied to compensate for the 
deficiency in data above s=0.36 pm -1 . 
In order to refine the structure it is necessary to have a model of the 
molecule which consists of a complete set of interatomic distances together 
with their amplitudes of vibration. These distances are determined from a set 
of atomic coordinates by the refinement program. The atomic coordinates are 
calculated from geometrical parameters representing the bond lengths and 
angles of the molecule by a specially written subroutine to the main program. 
Initial values of these geometrical parameters must be supplied and these can 
normally be obtained by reference to values of analogous parameters in 
suitable structures reported in the literature. Initial values for the amplitudes of 
vibration are also required and these can often be obtained in a similar 
manner to those for the geometric parameters. However, sometimes no 
suitable values can be found and in this case values obtained from general 
spectroscopic studies 55  can be used. For most distances of three bonds or 
more, and for some two bond distances, the use of a standard value is often 
adequate. The values which have been used here are 8.5, 15 and 20 pm for 
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two, three and four or more bonds respectively. 
The model allows a theoretical molecular scattering curve to be calculated 
and this can then be compared with the theoretical curve, a measure of how 
good the comparison is being given by the R-factor, RG. A least squares 
procedure can then be used to adjust the parameters in such a way that the 
theoretical curve becomes more like the experimental curve and the R-factor 
is decreased. This involves calculating the differential of the intensity with 
respect to the parameter (1/P) and thus the change in parameter which, in 
principle, should minimise the R-factor. However, since 31/3P is not linear this 
parameter shift will not be correct and it is actually best to use a fraction of 
the shift and repeat the calculation and change in parameter value a number 
of times. In practice the refinement will not converge if the parameters are 
very different from their true values and too many parameters are refined at 
one time. Therefore, it is best to start by refining only a few parameters and 
gradually add more as the fit improves. 
Sometimes it is not possible to find very reliable starting values for some 
of the geometric parameters, particularly twist angles. In such cases a 
reasonable value from which refinement can begin can be found, after many of 
the principle geometric parameters have been refined, by use of an R-factor 
loop. This involves varying the unreliable parameter, in fixed steps, over its 
entire range of possible values, each time refining the structure and recording 
the final R-factor obtained. The value at which the minimum R-factor is 
obtained can then usually be taken as a good approximation to the true value. 
However, it is important to check that the structure obtained at this value 
does not have any parameters or distances which are physically nonsensical. It 
may also be possible that two or more minima of similarly low R-factors are 
obtained. In this case it is best to continue with a number of separate 
refinements, each with a set of parameter values corresponding to one of 
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these minima, until one structure can be shown to be better than the others. 
This method can be extended to a two-dimensional R-factor loop in which 
two parameters are varied, trying all values of the second parameter for each 
value of the first and giving a matrix of R-factors as a function of the two 
parameters. This is useful where, for example, two different twist angles are 
present in a molecule, particularly if they both strongly influence a similar set 
of distances. 
The amplitudes of vibration are also refined as parameters of the model, 
but it is rare that all these can be refined independently. For vibrational 
amplitudes of distances with similar values, correlations often allow only one 
to be refined satisfactorily. In this case it is possible to constrain the other 
amplitudes of vibration to be equal to, or in a fixed ratio to, that which is 
refining so that all these vibrational amplitudes are refined as a group. This 
allows the effect of all the vibrational amplitudes on the fit of the data to be 
taken into account, rather than just the one. 
CThIR 2 
PREPARATOOM AM AAC7EFSATOO1 OF 
(F2)OCO 2CCC 2O(EPF2) AHD PF20CH2CH2CM  
2.1. Introduction 
The interest in difluorophosphino-oxy compounds lies both in their 
structures (see chapter 3) and their potential as ligands. Coordination to a 
metal by the phosphorus atom would be expected to stabilise low oxidation 
states of the metal due to the ir-acceptor properties of the PF 20- group (see 
chapter 1). If another type of potential coordination site was also present in 
the molecule then this could also bind to a metal atom, perhaps of a different 
element, giving the possibility of forming mixed metal complexes. Both the 
compounds 1,4-bis(difluorophosphinOOXO)bUt2Vfle, (PF 2)OCH 2 CCCH 20(PF2 ), 
and 3-difluorophosphino-oxypropiOnitrile, PF 20CH 2 CH 2CN, have such a site, the 
alkyne and nitrile groups respectively. Additionally, (PF 2 )OCH 2 CCCH 2 0(PF 2 ) is 
bidentate as a -PF 2  ligand and, as these groups are separated by a long chain, 
will probably bridge between two metal atoms, though chelation cannot be 
ruled out. 
(PF 2 )OCH 2CCCH20(PF2) has previously been observed 28 by n.m.r. as a 
product from the reaction of S(PF 2 ) 2 with HOCH 2CCCH 20H, but has not been 
isolated. PF 20CH 2 CH 2CN is a novel species. 
2.2. Preparation 
Both the compounds were prepared by reaction of S(PF 2 ) 2 with the 
appropriate alcohol. This is a convenient method since the alcohols are 
available commercially and the products should be easily separated from the 
much more volatile reagent and major by-product. The reaction, separation 
and purification were carried out using standard vacuum line techniques. 
56 
HOCH 2CCCH20H + 2 S(PF2)2 	 > (PF2)OCH 2CCCH20(PF2) + 2 PF2HS 
The product is a clear liquid, with a vapour pressure of about 3 Torr and a 
melting point of 222 K, obtained in 92% yield. 
NCCH 2CH 2OH + S(PF 2)2 	 > PF20CH 2CH 2CN + PF 2 HS 
The product of this second reaction is also a clear liquid but with a vapour 
pressure of approximately 1 Torr and a melting point of 225 K and was 
obtained in 94% yield. 
23. Nuclear Magnetic Resonance Spectra 
Phosphorus-31, fluorine-19, proton and carbon-13 n.m.r. spectroscopy 
were used to ascertain the identities of the compounds and to characterise 
them. The n.m.r. parameters obtained are given in table 2.1. 
2.3.1. (PF2)0CH 2CCCH2O(PF2) 
The proton-decoupled phosphorus spectrum shows a simple triplet which 
arises from the coupling to the two equivalent fluorine atoms. The chemical 
shift, 5P, is a little higher than the values of between about 110 and 112 ppm 
found in most alkyl PF 20- compounds, 
1,27  but only by just over one ppm and 
is not inconsistent with the compound being of this type. Bell observed a 
chemical shift of 111.7 ppm for this compound, though in CCI 3 D solution 
rather than CCI 2 1D 2 as used here. The one-bond phosphorus-fluorine coupling 
constant, 1 JPF, is above the normal range 
1,27  of 1278 to 1291 Hz, but again 
only slightly. The proton decoupled fluorine spectrum is a doublet, from 
coupling to the phosphorus atom, at a chemical shift which lies within the 
region 1,27  (between about -48 and -53 ppm) normally observed for alkyl PF 20-
compounds. 
There is only one signal in the 1 H spectrum since the -CH 2 groups are 
chemically equivalent. The chemical shift is about 0.7 ppm higher than the 
value of 4.1 ppm found 27 in (PF 2)0(CH 2 ) 4 0(PF2) and this can be attributed to 
the effect of the alkyne group. On close examination, using a narrow spectral 
OEM E 
Table 21. N.m.r. parameters for (PF 2)OCH 2CCCH 20(PF2) and PF 20CH 2CH 2CN. 
Pa ramete ra (PF 7  ) OCH,CCCH,O  ( PF, b PF20CH7CH9CNb 
iSP 115.9 111.7 
6F —48.9 —49.1 
iSH 4,75 4.26 
- 2.73 
6C 1 50,9 57.8 
6C 2 81.7 20.0 
6c 3 - 116.7 
PF 1299 1297 
JC 1 H 155 154 
1Jc2Ir - 137 
2.3 4.1 
2Jc1ir - 4.9 
2Jc2H - 2.3 
3Jpc2 N. S. 3.4 
3JFc1 12.3 10.5 
3PH 7.3 6.3 
3, 
HH 
4JC1H 1.1 - 
5j PH' — 0.7 
5HH 1.87 - 
a Chemical Shifts (iS), positive to high frequency in ppm relative to: 85% H 3 PO 4 
for 31 P, CCI 3 F for 19 F, SiMe 4 for 1 1-1 and 13C. Coupling constants (J), absolute 
values in Hz. All spectra recorded in CCI 2 1D 2 solution. 
b Atom labelling: (PF 2)0C 1 H 2C 2C 2 C 1 H20(PF2) 
PF20C 1 H 2C 2 H'2 C 3 N 
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width to give a high resolution spectrum, [figure 2.1(a)] the peak is revealed to 
have a second order pattern which is centrosymmetric and resembles that 
obtained for the X atoms of [AX2]2 spin systems. Close examination of the 
central peak in the proton coupled phosphorus spectrum [figure 2.2(a)] also 
shows a second order pattern of the [AX2]2 type, corresponding to the part of 
the spectrum for the A nucleus. The proton coupled fluorine spectrum shows 
no resolvable fluorine-hydrogen coupling, so the second order pattern arises 
from a spin system involving only the phosphorus and hydrogen nuclei. 
The equations governing the peak positions and intensities for the X 
spectrum of an [AX2]2 spin system have been determined 
47  but, while 
predicting a spectrum of superficial similarity to that found here, do not fit the 
peak positions well. The derivation of these equations assumes that the X-X' 
coupling is zero and that it is the A-A' coupling which is the more important 
long range coupling, probably because in many such systems the A and A' 
atoms are closer together than the X and X' atoms. In contrast the reverse is 
true here, so the X-X' coupling is probably more significant while the seven 
bond P-P coupling is very likely to be essentially zero. Thus these equations 
are not valid for this system. Full simulation 57  of both the 1 H and 31 P spectra 
[figures 2.1(b) and 2.2(b)] gave good comparison with the experimental spectra 
when values of 1.87 Hz for Jxx'  and zero for both J. and J. were used in 
the calculations. That a five bond H-H coupling is observable is quite unusual 
and can be attributed to efficient spin transfer by the CC bond. 
The proton-decoupled 13C n.m.r. spectrum shows two resonances, a 
singlet at 81.7 ppm and a triplet at 50.9 ppm. The former is in the region, 
between about 70 and 90 ppm, expected 
58 for a carbon atom adjacent to a 
triple bond and this carbon is too distant from either the phosphorus or 
fluorine atoms for any coupling with them to be observed here. The latter 
resonance is in the region, from about 0 to 50 ppm, expected 
58  for an sp 3 
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Figure 21. The 1 H n.m.r. spectrum of (PF2)OCH2CCCH20(PF2). 
- 21 - 
Figure 2.2. The 31 P n.m.r. spectrum of (PF 2)OCH 2CCCH 20(PF 2). High resolution spectrum 
of central peak of triplet. 
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hybridised carbon atom, though at the extreme high frequency end due to the 
deshielding effect of the very electronegative PF 20- group. The triplet arises 
from coupling to the two fluorine atoms. The value of 12.3 Hz for this coupling 
is slightly higher than that found in other PF 20- compounds, 
27  for example 
9.8 Hz in (PF 2)0(CH 2 ) 4 0(PF2). 
In the proton-coupled 13 C spectrum the peak at 50.9 ppm is split into a 
triplet due to the one-bond C-H coupling. High resolution examination of the 
central resonance (figure 2.3) reveals a triplet (340  of doublets (2pc) of 
triplets (4j  CH ).However, since 
4 
JCH is, coincidentally, very nearly half the value 
of 2pc  the inside peaks of the triplets overlap so that the central three peaks 
of the doublet of triplets appear to be of equal intensity. The value of 2Jc 
found is almost half that of the same couplings (4 Hz) in the 
(PF 2)0(CH 2)O(PF2) compounds. 
27 
2.3.2. PF20CH2CH2C 
The proton-decoupled 31 P and 19 F spectra show the expected simple 
triplet and doublet patterns respectively. The chemical shifts and coupling 
constants are within the normal range for alkyl PF 20- compounds. 
The 1 H spectrum (figure 2.4) shows two signals, at about 2.7 and 4.3 ppm. 
That at lower chemical shift is a triplet due to coupling to the two hydrogen 
atoms on the neighbouring -CH 2 group. The signal at higher chemical shift 
corresponds to the -CH 2 group next to the oxygen atom, since the high 
electronegativity of the PF 20- group will deshield these hydrogen atoms. 
However, a doublet 
(3j 
PH) of triplets (3JHH) would be expected rather than the 
apparent quartet observed. This pattern would be produced, however, if the 
doublet and triplet coupling constants were roughly equal and such a 
coincidence has been observed 
28 before. This explanation can be confirmed by 
measuring 3j PH from the triplet coupling in the proton coupled 31 P spectrum, 
which does indeed give a value within 0.1 Hz of that of 3HH•  A further triplet 
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Figure 2.3. The 13C n.m.r. spectrum of (PF 2)OCH 2CCCH20(PF2). High resolution spectrum 
of central peak of triplet at 6C=50.9 ppm. 
3' 
"CF 
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Figure 2.4. The 1 H n.m.r. spectrum of PF 20CH2CH2CN. 
6/ppm 
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splitting, due to a five bond P-H coupling, is observed in the high resolution 
spectrum of the central peak of the 1 JPF triplet. 
The proton-coupled 13C spectrum shows two triplets and, to higher 
frequency, a singlet. The singlet is in the 100 to 120 ppm region expected 58 
for the carbon atom in a nitrile group. The triplets arise from one-bond C-H 
coupling in the -CH 2 groups and, as in (PF 2)OCH 2CCCH 2 0(PF 2), that at higher 
frequency corresponds to the group adjacent to the PF 20- group. A high 
resolution spectrum of the central peak of the triplet at low frequency shows 
the expected doublet (3pc)  of triplets (2j CH). The central peak of the high 
frequency signal shows a rather complicated pattern of lines (figure 2.5) which 
can, however, be explained as a first-order spectrum. It is a triplet (3JFC) of 
triplets (2j CH) of doublets 
(2j p
C) and the values of 3 JFC and  2Jc  found are 
similar to those of 9 to 10 Hz and 4 Hz, respectively, found 
27  in 
(PF 2)0(CH 2)O(PF 2) compounds. The complication arises since 
2 
JCH is only 
slightly larger than 2Jc  and the resulting overlap of the various multiplets 
renders the pattern not instantly recognisable. 
2.4. Vibrational Spectra 
2.4.1. (PF2)0CH 2CCCH20(PF2) 
Infra-red spectra (figure 2.6) were recorded for both the gaseous and liquid 
phases of the compound but the gas phase spectrum is not very intense due 
to the low vapour pressure of the compound. The Raman spectrum (figure 2.7) 
was also recorded for the liquid phase. The peak positions obtained from 
these spectra are summarised in table 2.2 together with tentative assignment, 
based on group frequencies and reference to similar compounds. 
The most characteristic peaks are those due to P-F stretching modes and 
the peaks at 1033 and 1020 cm- 
1, usually assigned as C-O or symmetric 
P-O-C stretching. The peaks above 2850 cm -1 can safely be assigned to C-H 
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Figure 2.5. The 13C  n.m.r. spectrum of PF20CH 2CH 2CN. High resolution spectrum of 




Figure 2.6. Infra-red spectra of (PF2)OCH2CCCH20(PF2). 
wavenumber/cm 1 




Figure 2.7. The Raman spectrum of (PF 2 )OCH 2 CCCH 2 0(PF2) in the liquid phase. 	
wavenumber/cm 1 
400 	 800 	 1200 	 1600 	 2000 	 2400 	 2800 
Tabe 2.2. Vibrational F requenc i es a for (PF 2)OCH 2CCCH 20(PF2). 
10R Gas I . R. Liquid Raman Liquid Suggested Assignment 
2957 m,p 
2950 w 2948 m C-H stretch 
2855 vw 2878 w 2880 w,p 
2820 vw Combination(1452+1370) 
2330 m,p Overtone 	(1162) 
2253 vs,p CC stretch 
1820 w,b Combination(1033+790) 
1580 vw,b Combination(815+778) 
1457 vw 1452 m 1455 s 
1378 s 
1370 m 1370 s 
C-H deformation 
1262 m 
1260 w 1256 
1158 m 1159 s 1162 
1033 vs,p 1 
0-C stretch 
1022 s 1020 vs J 
933 s 985 vs 990 s,p C-C s t re t c hb 
865 w P-O s t r et chb 
829 s 
815 vs 818 s,p 
800 s P-F stretch 
790 s - 
778 vs 
553 m 
530 w 530 m PF2 wagb 
445 m,b,p 	PF2 deformation' 
- 	 368 m 	 370 s 	 PF2 rockb 
- 338 w 342 m 
- 	 293 m,b 
Abbreviations: w=weak, m=medium, s=strong, b=broad, v=very, p=polarised. 
a All frequencies in cm 1 . Frequencies are placed on the same line if they are within 
5 cm -  of each other. This does not neccesarily imply they correspond to the same 
mode. 
b Very uncertain. 
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stretches and there are three or four clear bands, depending on whether those 
at 2878 and 2880 cm- I are due to the same or different modes. The highest 
frequency Raman band is very asymmetric, so it may in fact consist of two 
peaks. The small peak at 2820 cm -1 in the i.r. spectrum could be a C-H stretch 
or a combination band from the modes giving rise to peaks at 1452 and 
1370 cm -1 . The normal range of C-H deformations is between about 1500 and 
1100 cm -1  and up to eight bands can be distinguished here, again depending 
on whether any bands appear in both the Raman and i.r. spectra. This is also 
the number of C-H deformation modes for this molecule, though the C-C 
stretching mode would also be expected in this region. 
The peak at 2253 cm -1 in the Raman spectrum is at about the highest 
frequency normally found for a CEC bond, usually between 59 about 2100 and 
2260 cm- 1, while no corresponding peak is apparent in the i.r. spectrum. No 
other fundamentals would be expected in this region but there is a moderately 
strong peak at 2330 cm -1 . This is likely to be an overtone from the band at 
1162 cm 1 , its unusually high intensity being due to Fermi resonance with the 
CEC stretching mode. There are a number of very small peaks between 2500 
and 1500 cm -1 in the i.r. spectrum which are probably overtones or 
combination bands since they are fairly broad and of low intensity. 
A peak due to the P-O stretching mode would be expected but, though 
this is normally found in the region between 875 and 730 cm -1 , no obvious 
peak is observed here. There is a peak at 865 cm -1 but this is much weaker 
than would be expected. It is possible that the peak at 990 cm -1 could 
correspond to the P-O stretch though, despite the probability of considerable 
mixing with the C-O stretch, this would be a surprisingly high frequency. 
Nevertheless, peaks in a similar position are present in PF 20CH 2 CH 2CN (see 
below) and Bell 28  has assigned bands observed in this region of the i.r. spectra 
from (PF 2)0(CH 2)O(PF2) compounds to P-O stretching. Another possibility is 
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assignment of this peak to the C-C stretching mode, the frequency of this 
having been towered by interaction with the CEC vibration. A peak at the 
similar position of 972 cm -1 is observed in HOCH 2CCCH20H. 
The peaks below 600 cm -1 are difficult to assign as the frequencies for the 
various modes expected here are quite variable. The assignments suggested 
are made merely by comparison with other reported assignments 28,60  and are 
very uncertain. 
Comparison of the gas and liquid phase i.r. spectra shows the P-F 
stretching frequencies to be approximately 15 cm -1 tower in the liquid. This 
could be the result of intermolecular interaction involving the P-F bond in the 
liquid phase. A similar difference in P-F stretching frequencies is apparent 
between those (PF 2)0(CH 2)O(PF 2) compounds 
60  which were observed in the 
gas phase and those observed as liquids. 
The possible point groups for the molecule are C 1 , C, C 2, C, C2v and C2h 
and, in theory, is should be possible to determine which is the true symmetry 
from the vibrational spectra. However, in practice this is not possible since the 
difference in frequency between modes which are symmetric or antisymmetric 
with respect to the two ends of the molecule wilt, in most cases, be so slight 
as to be undetectable. The molecule has a total of 42 fundamental modes but 
many of these will give rise to transitions outside the range of the recorded 
spectra. From comparison with PF 20CH 3 60 a total of 29 vibrations might be 
expected within this spectral range, which compares with between 22 and 29 
observed, depending on whether certain absorptions in the i.r. and Raman 
spectra correspond or not. This perhaps suggests there is mutual exclusion 
between i.r. and Raman spectra, implying an inversion centre, but, given the 
uncertainties over some of the assignments, this is by no means conclusive. 
An inversion centre is also suggested by the absence of an absorption for the 
CEC stretching mode in the i.r. spectrum, but it is also possible that the dipole 
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change caused by this mode is so small that the peak is simply too weak to 
be observed. 
2.4.2. PF20CH2CHI2C 
The infra-red spectra (figure 2.8) were recorded for the gaseous and liquid 
phases but the gas phase spectrum is poor, due to the very low vapour 
pressure of this compound, so only the peak positions observed in the liquid 
phase are summarised in table 2.3. As in (PF 2)OCH 2CCCH 20(PF 2) the strongest 
peaks are those due to the P-F and P-O stretching modes. The very broad 
peak at 3130 cm -1  is due to an impurity, probably a hydrolysis product as the 
intensity of this peak increases upon deliberate exposure of the sample to air. 
The region from 3050 to 2800 cm -1 shows at least three C-H stretches, 
but there are additional details which could be other peaks or fine structure. 
The peak at 2252 cm -1 is due to CEN stretching and is at the high frequency 
end of the expected 59 range, from 2260 to 2120 cm 1 . There is a peak in the 
same position in the i.r. spectrum of NCCH 2CH 20H. Between 1500 and 
1200 cm -1 there are six clear peaks, though again the shapes of some of the 
bands suggest hidden peaks. Eight absorptions due to C-H deformations would 
be expected in this region, and possibly two C-C stretches as well (but see 
below). - 
Apart from the C-O stretching peak, the bands between 1100 and 
900 cm -1 are difficult to assign. As discussed for (PF 2)OCH 2 CCCH 20(PF 2), one 
of these could be the P-O stretch, probably that at 933 cm -1 or perhaps that 
at 1008 cm -1 , since again there is no obvious peak due to the P-O stretch in 
the normal region. There is also the possibility that one of the C-C stretching 
frequencies, by interaction with the CN vibration, has been lowered so that it 
falls within this region. The i.r. spectrum of NCCH 2 CH 20H shows bands in this 
region, one strong absorption at 1060 cm -1 and two rather weak peaks at 998 
and 942 cm 1 . 
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Figure 2.8Jnfra-red spectra of PF 20CH 2CH2CN. 
wave number/cm 1 
3000 	 2500 	 2000 	1800 	1600 	1400 	1200 	1000 	800 	600 	400 
Gas phase 
Liquid phase 
Tabe 23 Vibrational Frequencies' for PF 20CH 2CH2CN. 
I . R. Liquid Suggested Assignment 
3130 m,b Impurity 
2970m 
2915 m C-H stretch 
2800 w 
2252 m CEN stretch 
1762 w,b Combination 	(1008+755) 









1040 vs 0-C stretch 
1008 s 
933 s 
805 vs 1 
P-F stretch 








Abbreviations: w=weak, m=medium, sstrong, b=broad, v=very 
a All frequencies in cm -1 . 
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There are many peaks observed below 600 cm -1 and thus assignment is 
very difficult in this region. The peak at 374 cm -1 is very broad and 
asymmetric suggesting it is actually composed of more than one band. As was 
found in (PF 2)OCH 2CCCH 20(PF 2 ), the P-F stretching frequency in 
PF 20CH 2CH 2CN is lower in the liquid phase than in the gas phase. 
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CHAPTER 3 
GAS PHASE STRUCTURES OF 	 AMD  
3.1. Introduction 
The number of gas phase structures of compounds containing PF 20-
groups reported in the literature 
28,61,62 is small and certainly they have not 
been studied to the same extent as the corresponding nitrogen 
compounds. 63-68 So, apart from the chemical interest in these two compounds, 
their structures were also considered worth investigating. Furthermore, the 
existence of a gas phase structure is useful for comparison with crystal 
structures of any complexes which may be formed. 
The compounds studied here are just small enough to allow reasonable 
structure determination by electron diffraction. If they were much larger then 
severe restrictions would have to be imposed on the structure in order to 
keep the number of parameters small enough for satisfactory refinement. As 
it is, some restrictions must be imposed, particularly on local symmetry but 
sometimes also on overall symmetry. In particular, long chains of atoms linked 
by bonds about which there is liable to be fairly free rotation are a problem, 
since assumptions about overall conformations are often difficult to make. 
Additionally, the long distances in such molecules contribute only slightly to 
the diffraction pattern so are difficult to determine accurately, especially since 
they will be subject to large amplitude vibrations. The (PF 2)OCH 2CCCH20(PF2) 
molecule contains a fairly long carbon chain but, since this can be assumed to 
be linear, there is effectively only one C-C twist angle. 
3.2. Experimental 
The electron diffraction data were collected by the general method 
described in chapter one. (PF 2)OCH 2CCCH 20(PF2) was just sufficiently volatile 
to allow the experiment to be run at room temperature, about 293 K. 
PF 20CH 2CH2CN, however, was slightly less volatile and it was found to be 
necessary to raise the temperature of the sample and nozzle to about 313 K in 
order to obtain sufficient flow of sample. Relevant experimental information, 
together with weighting functions, correlation parameters and scale factors, 
are given in table 3.1. 
3.3. Structure of (PF 2)OCH 2CCCH 2O(PF2) 
3.3.1. Refinement 
The model used for the refinement assumed that the C-CC-C group was 
linear and that both the PF 20- and -CCH 2 groups possessed local C s 
symmetry. Furthermore, it was assumed that the molecule had a two-fold 
rotation axis through the centre of, but running perpendicular to, the CC 
bond. Thus the model allowed structures with C 2, C 2,, or C2h symmetry, 
depending on the values of the various twist angles. These assumptions allow 
the structure to be defined by 15 geometrical parameters, the distances P-F, 
P-O, C-O, C-C, CC and C-H, the angles FPF, OPF, COP, CCO, CCH and HCH, 
and the twist angles about P-O, 0-C and C-CC. The twist angles are defined 
as all zero when the point group of the molecule is C2,, and positive for 
anticlockwise rotation when looking from the first to second named atom. 
The radial distribution curve (figure 3.1) shows two main peaks, the largest 
of which contains the bonded distances P-F, P-O, C-C and C-O. On the left of 
this the peak due to CEC is visible but the weak C-H is only a slight shoulder. 
The second most prominent peak contains mostly two-bond distances, 
principally F.. .F and F ... 0, but also some P ... C and three-bond 
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Table 3.1. Weighting functions, correlation parameters and scale factors for (PF 2)OCH 2CCCH 20(PF2) and PF 20CH 2CH 2CN. 
Camera 
I 	 height 
(0 
mm 




As 	S m i n 	SW1 	SW2 	S max 
pnf' 
	
0.004 	0.060 	0,080 	0.300 	0.352 
0.002 	0.020 	0.040 	0.122 0.144 
0.004 0.080 	0.100 	0.304 	0.356 
0.002 	0,020 	0.040 	0.140 	0.164 
Correlation 	Scale 
parameter factor Wavelength 
pm 
0,4723 0.729(17) 5.689 
0,3311 0.765(10) 5.690 
0.3536 0.723(15) 5.750 
0.4577 0,784(12) 5.750 
00 
Figure 31. Observed and final difference radial-distribution curve, P(r)/r, for 
(PF 2)OCH 2CCCH20(PF2). Before Fourier inversion, the data were multiplied by 
s.exp( -20s 2)/[(Zp-fp)(ZF- f F)l. 
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F. . C. Beyond this point there are few clear peaks and the curve extends out 
to nearly 1000 pm because of the length of the molecule. 
The initial parameter values used were obtained as described in chapter 
one. The starting values for the twist angles were 1800  for C-CC and 0-C, 
and zero for P-0. First the parameters P-F, P-0, C-a, C-C and angles OPF and 
COP were refined (table 3.2). Then a two-dimensional R-factor loop was 
performed on the P-0 and 0-C twist angles, giving the best minimum at 165 0 
for 0 -C twist and 10 ° for P-0 twist. The twist angles were then refined from 
these values and the angle FPF and distance CEC were also refined. Another 
R-factor loop was then performed, this time one-dimensional with the C-CC 
twist angle varied. A minimum R-factor of 0.151 was obtained at 180 0 and the 
maximum, with RG  equal to 0.182, at 30 0 . The value of the C-CC twist angle 
was therefore fixed at 180 0 . 
Next, attempts were made to refine some amplitudes of vibration 
(table 3.3). This proved difficult, particularly for u(P-F) and u(P-O) which 
refined to very small values (3.5 pm or less), and many other vibrational 
amplitudes refined to values which were either unrealistic or very poorly 
determined. The reason for these problems was mainly strong correlations 
(table 3.4) between parameters. between some parameters due to overlap of 
peaks in the radial distribution curve. It was found to be necessary to fix most 
of the geometrical parameters before commencing refinement of amplitudes of 
vibration, starting with those for the more prominent two and three bond 
distances, instead of bonded distances as might normally be the case. Then 
the vibrational amplitudes were fixed and the geometrical parameters allowed 
to refine again. This process was repeated twice, but eventually all parameters 
were refined together since otherwise the estimated errors obtained would be 
too optimistic. For some of the distances of four bonds or more, refinement 
in suitable groups gave amplitudes of vibration of around 40 to 50 pm, though 
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Table 3.2. Molecular parameters for F 20PCH 2CCCH20PF2. All distances in pm, all 
- angles in degrees. 
P 1 CC 121.2(14) 
P 2 c-c 147,3(16) 
P 3 C-O 139.3(15) 
P 4 mean op,pFa 158.3 	(1) 
P 5 diff, 	OP_PFa -4,4(10) 
P 6 C-H 108.0(fixed) 
P 7 <CCH 109.0(fixed) 
P 8 <HCH 109.0(fixed) 
P 9 <CCO 105,3(10) 
PlO <COP 118.3(11) 
P11 <OPF 100,7 	(8) 
P12 <FPF 94.6(11) 
P13 C-cc twistb 180.0(fixed) 
P14 0—C twistb 163.7(16) 
P15 P—O twistb 1.5(57) 
a For definition see text. 
b Positive anticlockwise in direction from first to second atom. Zero for syri 
conformation (see text). 
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Table 3.3. Interatomic distances and amplitudes (u) for (PF 2)OCH 2CCCH20(PF2). All 
values in pm. 
Distance Amplitude 
d 1 (P-F) 159.8 	(3) 	1 
4.3(fixed) 
d 2 (P-a) 155.3 	(8) 	J 
d 3 (0-C) 139.3(15) 	1 
5.4(16) 
d 4 (C-C) 147.3(16) 	J 
d 5 (CEC) 121.2(14) 3.6(fixed) 
d 6 (C-H) 108.0a 7.0(fixed) 
d 7 (P ... C) 253.0(11) 9.3(fixed) 
d 8 (F ... F) 234.8(22) 
d 9 (F ... 0) 242,6(14) 7.2(11) 
dlO (0...C) 227.9(14) 
dli (0 ... H) 206.0(14) 8.5(fixed) 
d12 (C ... C) 268.5(13) 5.5(fixed) 
d13 (C ... H) 209.1(14) 1 
8.5(fixed) 
d14 (H ... H) 175.8a J 
d15 (P.. .C) 373.6(14) 20,4(25) 
d16 (P ... H) 295.5(15) 1 
15.0(fixed) 
d17 (P.. .H) 271.7(23) J 
d18 (F ... C) 276.3(56) 1 
14.1(17) 
d19 (F ... C) 279.1(49) J 
d20 (0...C) 333.5(18) 15.0(fixed) 
d21 (C.. .C) 415.7(27) 7.0(fixed) 
d22 (C.. .H) 320.4(13) 15.0(fixed) 
d23 (P ... C) 484.1(17) 50.0(fixed) 
d24 (F.. .C) 396.8(34) 1 
26.5(44) 
d25 (F.. .C) 421.2(38) J 
d26 (F ... H) 335.0(87) 
d27 (F,..H) 229.0(80) 20.0(fixed) 
d28 (F.. .H) 261.7(46) 
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d29 (F...H) 297,0(81) 
d30 (0...C) 472.1(24) 20,0(fixed) 
d31 (C.. .H) 462.3(26) 
d32 (P.. .C) 623.6(23) 
d33 (F...C) 506.8(25) 50.0(fixed) 
d34 (F.. .C) 540.2(34) 
d35 (0.0.0) 558.2(31) 
d36 (0.. .H) 502.4(25) 
d37 (0.. .H) 502.4(25) 
20. 0(fixed) 
d38 (H.. .H) 497.0(26) 
d39 (H.. .H) 527.2(25) 
d40 (H ... H) 497.0(26) 
d41 (P...0) 705.8(28) 40.0(fixed) 
d42 (P ... H) 657.0(25) 	1 
20.0(fixed) 
d43 (P ... H) 646.7(24) 	j 
d44 (F ... C) 645.7(25) 	1 
? 	50.0(fixed) 
d45 (F ... C) 685.8(35) 	J 
d46 (P ... P) 852.7(30) 
d47 (F ... 0) 709.8(35) 40.0(fixed) 
d48 (F ... 0) 747.5(51) 
d49 (F ... H) 702.5(21) 
d50 (F ... H) 658.5(27) 
20 ,0(fixed) 
d51 (F ... H) 716.0(35) 
d52 (F ... H) 729.6(33) 
d53 (P ... F) 849.6(44) 1 
' 	 40.0(fixed) 
d54 (P ... F) 900.8(47) J 
d55 (F ... F) 835.6(55) 
d56 (F...F) 922.9(37) 20.0(fixed) 
d57 (F ... F) 954,5(65) 
a Fixed. 
44 - 
Table 3.4. Least squares correlation matrix (X 100) for (PF 2)OCH 2CCCH 20(PF 2). All 
elements with absolute value <50 have been removed. 
P 2 P 3 P 5 P10 P11 P12 P15 u 3 u 9 u18 k 1 
—60 	64 	 p 1 
	
—81 	 58 	 —73 	61 	 P 2 
—67 	 72 —57 	 P 3 
56 	 P 4 
- 	 —55 p5 
—65 	60 	 74 	 P10 
—89 	 —78 	 P11 
73 	 P12 
—58 	 P14 
—64 	P15 
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rather poorly determined. For these distances the amplitudes of vibration were 
fixed at roughly the values found. Although these values are not reliable as 
determined vibrational amplitudes, they probably do represent roughly the 
order of magnitude for vibrations of these large distances. 
One surprising aspect of the structure obtained was that the P-O distance 
was 4 to 5 pm shorter than expected from comparison with existing structures 
of related PF 20- compounds determined by electron diffraction 
28,62  and also 
the P-F bonds were about 2 pm longer. Indeed the differences were such that 
the P-O bond was shorter than the P-F bond and it seemed possible, since 
the distances were similar, that they should be the other way around. Thus a 
number of attempts were made to see if a reasonable fit could be obtained 
with the P-O bond longer than the P-F bond. First the P-F and P-O lengths 
were fixed at values expected from similar structures 
28,62 and all other 
parameters which had previously been refining were allowed to refine further. 
At this stage the R-factor was 0.0942. Then the values of the P-F and P-O 
distances were refined, with the result that they immediately reverted to close 
to their previous values and the R-factor dropped to 0.0916. Next, the 
parameters determining the P-F and P-O distances were changed to signify 
instead the mean value of these distances and the difference between them. 
When the difference was assigned a negative value this indicated that the P-F 
distance was longer than that of P-O. The sign of this difference was then 
changed and fixed and only the mean refined, with insignificant change. The 
difference was then refined, upon which it changed to a similar value but with 
different sign, the mean again changing only insignificantly. Finally an R-factor 
loop was performed in which the value of the difference was varied from -5 to 
+5 pm. The corresponding R-factor was found to increase steadily from about 
0.08 to 0.11. All the above evidence seems to indicate that the P-O bond is 
indeed shorter than the P-F bond in this compound. 
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An attempt was made to refine the C-H bond distance but the result was 
very poorly defined so it was left fixed and no attempt was made to refine the 
CCH and HCH angles. The final value of RG  obtained was 0.077. The 
experimental and final difference molecular scattering curves are shown in 
figure 3.2. and views of the molecular structure are shown in figure 3.3. 
Another possible symmetry constraint for this molecule is that of an 
overall inversion centre rather than a two-fold axis, and indeed there is some 
experimental evidence (see chapter two) to suggest this may be the case. 
Therefore an alternative model with such symmetry was tried. However, it was 
found that, both in terms of parameter values and R-factor, the two models 
were indistinguishable. A final R-factor loop was performed on C-CC twist and 
the R-factor was found to vary from a minimum of 0.077 at 180 0 to a 
maximum of 0.106 at 10 ° . 
3.3.2. Discussion 
In the conformation found for (PF 2)OCH 2CCCH 2 0(PF 2) the PF 20- groups are 
essentially ant/to each other, though a slight twist about the C-O bond gives 
C 2 symmetry rather than the C2h  symmetry which would otherwise be the 
case. However, the structure with C i symmetry was indistinguishable from that 
with C 2 because the conformation is determined only by long distances, of 
850 pm or more, which contribute only slightly to the scattering. It is probable 
that torsional vibrations about the C-O bond take the PF 20- groups either side 
of 180 0 anyway and observed deviation from 180 0 may be due to shrinkage 
effects. The roughly anti arrangement of the PF 20- groups is not surprising as 
this both maximises the distance between the groups and gives a favourable, 
antiparallel, alignment of their dipoles. In CICH 2CCCH 2CI it has been deduced 69 
that there is virtually free rotation about the carbon skeleton, but in 
(PF 2)OCH 2CCCH 20(PF2) it appears there is a significant barrier to rotation since 
the R-factor increases quite considerably as the value of C-O twist is changed 
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[:1 
Figure 3.2. Observed and final weighted difference mo lecular-scattering intensities for 
(PF 2)OCH2CCCH20(PF2) at nozzle-to-plate distances of (a) 286 and (b) 128 mm. 
Figure 3.3. Perspective views of (PF 2)OCH 2CCCH20(PF2). 
View along the C2 symmetry axis. 
View perpendicular to the C2 symmetry axis. 
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from 180 0 .  The conformation of the -PF 2 group was found to be that in 
which the P-O bond is nearly ant/to the C-C bond but the FPF bisector is syn 
to the 0-C bond. The details of the structure of the PF 20CH 2- part of the 
molecule will be discussed later. 
The CC distance of 121.2(14) pm found here lies within the range 
exhibited by most alkynes, in which this distance 70  is between about 120 and 
122 pm. For example in CH 3 CCCH 371 the CEC bond length is 121.35(6) pm. 
Electronegative substituents might be expected to affect the bond length, but 
even in compounds with such groups the CC bond lengths appear to lie 
within the normal range. Thus in CICCBr 72 the bond length is 120.6(4) pm and 
microwave studies of HCCCF 373 give a value of 120.1(2) pm. The C-C bond 
length of 147.3(16) found in (PF 2)OCH 2CCCH 20(PF 2 ) is also in agreement with 
the length found in other alkynes, for example 146.75(5) in CH 3 CCCH 3 . Here 
electronegative substituents might have some effect as the C-C bond length 
in CF3 CCCI 74 is 145.3(2) pm. However, in CICH 2CCCH 2CI the C-C distance is 
longer [147.0(25) pm], though the large error quoted means this difference is 
not strictly significant. Similarly, the fairly large e.s.d. for the value found here 
means it too cannot be distinguished from the length in CF 3 CCCI. 
The value of 105.3(10) ° found for the CCO angle in this work is 
surprisingly small, some 4 0 less than the tetrahedral angle and much smaller 
than the value of 112.2(10) 0 found in FCH 2 CH 2OH. 75 One factor which could 
account for this is the very electronegative -PF 2 group attached to the oxygen. 
In FCH 2 CH 2OH the CCF angle of 107.7(7) 0 is also significantly less than the 
tetrahedral angle and perhaps the electron egativity of the fluorine atom is 
having a similar effect here. It may also be possible that the short F...  
distances (discussed later) are causing some straining of the CCO angle. 
However, it is also necessary to consider that there may be some systematic 
error in this angle due to shrinkage effects. 
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The poor refinement of the C-H distance is not surprising since hydrogen 
scatters the electron beam only slightly and thus distances involving it 
contribute only marginally to the scattering pattern and are difficult to 
determine accurately. The final value of RG obtained is fairly low, indicating 
that the proposed structure is in good agreement with the data and 
suggesting that the original assumptions made about the structure are valid. 
3.4. Structure of PF 20CH 2CH2CN 
3.4.1. Refinement 
The model used for the refinement assumed local C  symmetry for both 
the PF 20- group and the -CCH 2 group. It was also assumed that both the 
-CR 2  groups were the same and that the C-C=N fragment was linear. Thus the 
structure can be defined by 17 geometrical parameters, the distances P-F, P-O, 
C-O, C=-N, OC -C, C-CN and C-H, the angles FPF, FPO, COP, CCO, CCC, CCH 
and HCH, and the twist angles about P-O, 0-C and OC -C. The twist angles are 
defined as all zero for the fully syn conformation, and positive for 
anticlockwise rotation when looking from the first to second named atom. 
The peak due to the CN distance can be clearly seen in the radial 
distribution curve (figure 3.4) at about 117 pm. The main peak contains all the 
other bonded distances except C-H, the peak for which is too small to be 
readily seen. The second principal peak contains mainly F ... F, F ... 0 and 
some P.. .0 and F.. . C distances. At longer distances the peaks merge into an 
almost flat, featureless curve. In general the curve shows few distinct features. 
Considering the number of parameters, this could be expected to cause 
problems with correlations and limit the number of parameters which can be 
refined. 
Initial values of parameters were decided upon in the manner described in 
chapter one. The initial twist values used were 1800  for those about OC-C and 
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FLiie 3.4. Observed and final difference radial-distribution curve, P(r)/r, for 
PF20CH 2CH2CN. Before Fourier inversion, the data were multiplied by 
s.exp(-20s 2)/[(Zp- fp)(ZF-fF)1. 
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0-C and zero for that about P-0. First the lengths P-F, P-0, C=-N, and C-0 
and the angles FPF and FPO were refined (Table 3.5). A two-dimensional 
R-factor loop was then performed for the P-a and C-0 twist angles in order 
to determine approximately which values gave the best fit. It was found that 
the combination of 1800  for 0-C twist and zero for the P-0 twist gave the 
lowest value of RG.  A one-dimensional R-factor loop was then used to 
determine the best value for the OC-C twist angle, which was found to be 
about 1500.  All twist angles were refined from these values and the C-CN 
distance and CCO and CCC angles were also refined. The aC-C distance could 
not be satisfactorily refined, when this was attempted the refinement diverged 
and the distance became unrealistically long. The C-H distance, however, was 
refined but no attempt was made to refine the CCH and HCH angles. 
Amplitudes of vibration were refined for some of the shorter distances 
(Table 3.6), though some of these had to be constrained in groups. Some 
notable exceptions which could not be acceptably refined were u(P-F) and 
u(P-0), which became unrealistically small (3.5 pm or less), and u(P-C), which 
had a very large (5 pm or more) error when refined. These problems were 
largely the result of strong correlations between parameters (table 3.7) due to 
overlapping peaks in the radial distribution curve. It was also found to be 
possible to refine amplitudes of vibration for some of the more prominent 
longer distances. 
As the refinement proceeded the OC-C twist angle gradually increased to 
about 180 0 and the P-0 twist angle moved away from zero. Near the end of 
the refinement the OC-C and 0-C twist angles were not significantly different 
from 180 ° so were both fixed at this value. The CEN and C-CN lengths found 
were both rather long and it was considered that they could be affected by 
the fixed OC-C distance. Therefore the OC-C length was changed to 156 pm 
to investigate whether this altered the CEN or C-CN distances significantly, 
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Table 3.5. Molecular parameters for PF 20CH 2CH 2CN. All distances in pm, all 
angles in degrees. 
P 1 P-F 160.1 	(3) 
P 2 P-O 155.1 	(8) 
P 3 C-O 140.6 	(8) 
P 4 OC-C 154.0(fixed) 
P 5 C-CN 150.4(10) 
P 6 CN 118.3 	(4) 
P 7 C-H 108.5(12) 
P 8 <FPF 93,6 	(9) 
P 9 <OPF 102,0 	(4) 
pio <cop 121.9 	(8) 
P11 <CCO 106.2(11) 
P12 <CCC 106.7 	(7) 
P13 <CCH 109.0(fixed) 
P14 <HCH 109.0(fixed) 
P15 P-O twiSta -19,2(14) 
P16 0-c twista 180.0(fixed) 
P17 oc-C tw ista 180.0(fixed) 
a Positive anticlockwise in direction from first to second atom. Zero for syn 
conformation (See text). 
- 54 - 
Table 3.6. Interatomic distances and amplitudes (u) for PF 2 0CH 2CH 2CN. All values 
in pm. 
Distance Amplitude 
d 1 (P-F) 160.1 	(3) 	1 
4.3(fixed) 
d 2 (P-0) 155.1 	(8) 	j 
d 3 (0-C) 140.6 	(8) 4.2(23) 
d 4 (NEC) 118.3 	(4) 2.8(10) 
d-5 (OC-C) 154,oa 	1 
4.2(tied 	to u 	3) 
d 6 (C-CN) 150.4(10) J 
d 7 (C-H) 108.5(12) 7.0(fixed) 
d 8 (P., .C) 258.6 	(8) 11.0(fixed) 
d 9 (F...F) 233.4(18) 1 
6.7 	(7) 
dlO (F.. .0) 244.9 	(7) j 
dli (0.. .C) 235.7(16) 7.5(tied 	to u 	9) 
d12 (0.. .H) 207.1(16) 8.5(fixed) 
d13 (N.. .C) 268.7(10) 6.0(fixed) 
d14 (C.. .C) 244.2(10) 7.5(tied to u 	9) 
d15 (C.. .H) 215.4 	(9) 
d16 (C.. .H) 215.4(13) 8.5(fixed) 
d17 (H.. .H) 176.7(19) 
d18 (P...C) 385.5(14) 13.4(12) 
d19 (P...H) 289.5(15) 1 
15.0(fixed) 
d20 (P.. .H) 289.5(15) J 
d21 (F.. .C) 305.5(17) 1 
13.0(21) 
d22 (F.. .C) 273.9(16) j 
d23 (0... .C) 365.8(14) 
d24 (0.. .H) 258.6(20) 15.0(fixed) 
d25 (0...H) 258.6(20) 
d26 (N..,.C) 345.9(12) 12.0(fixed) 
d27 (N.. .H) 324.7(14) 15.0(fixed) 
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15.0(fixed) d28 (C.. .H) 265.2(12) 
d29 (C.. .H) 265.2(12) 
d30 (H.. .H) 304,3(20) 
d31 (H.. .H) 247.7(12) 
d32 (H.. ,H) 247.7(12) 
d33 (P.. .C) 501.8(12) 
d34 (P.. .H) 407.6(20) 
d35 (P.. .H) 407.6(20) 
d36 (F., .C) 435.8(15) 
d37 (F.. ,C) 421.9(15) 
d38 (F...H) 356.7(24) 
d39 (F.. .H) 276,0(24) 
d40 (F.. .H) 246.6(20) 
d41 (F.. .H) 296.1(32) 
d42 (0.. .N) 476.6(13) 
d43 (N., .H) 347.7(16) 
d44 (N.. .H) 347.7(16) 
d45 (P.. .N) 604.0(14) 
d46 (F.. .C) 532.2(20) 
d47 (F.. .C) 501.8(20) 
d48 (F.. .H) 436.4(18) 
d49 (F.,.H) 491.5(16) 
d50 (F.,.H) 476.1(15) 
d51 (F...H) 447.0(20) 
d52 (F.. .N) 623,1(25) 








Table 3.7. Least squares correlation matrix (X 100) for PF 20CH 2CH 2CN. All 
elements with absolute value <50 have been removed. 
p3 P5 P7 P10 P11 P12 u3 u 4 u9 k 1 k 2 
-53 	 -62 	 P 1 
-60 	54 -62 	 -56 	56 	-53 -67 P 2 
	
-66 	 -58 -53 P 3 
-52 	 P 5 
-61 	 P6 
-54 	70 	 -58 P 7 
-65 	 69 	 P 8 
P9 
54 	63 P10 
-59 	 u 3 
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but it did not. Another attempt was also made to refine the OC-C bond length 
but again the refinement diverged with the bond length increasing to 158 pm 
or more and with an e.s.d. of some 2 pm. However, it was significant that 
when this distance was refining the errors on most other parameters 
increased, generally by about 30-50%, but by some 150% for the FPF angle. 
The final value of RG  was 0.075. The experimental and final difference 
molecular scattering curves are shown in figure 3.5 and views of the molecule 
are shown in figure 3.6. 
3.4.2. Discussion 
The overall conformation found is that in which the PF 20- and -CN groups 
are anti with respect to one another. This is expected since this arrangement 
maximises the distance between the groups and also gives a favourable 
alignment of the CEN and C-O bond dipoles. The conformation found for the 
-PF 2 group has the P-O bond anti to the C-C bond and the FPF bisector 
nearly synto the 0-C bond. This will be discussed in detail later. 
The CEN distance of 118.3(4) pm found in PF 20CH 2 CH 2CN is longer than 
the value of about 116 pm found in most ntriJes, for example 116.1(1) pm in 
(CH 2CN) 276 and 115.9(10) pm from microwave studies of CH 3CH 2 CN. 77 It may 
be possible that the PF 20- group is having some effect, even though it is a 
considerable distance away. However, the CEN distance of 116.5(5) pm in 
PF 2CN, 78 where the -PF 2 group is directly attached to the CEN group, does not 
seem to support this. The C-CN distance of 150.4(10) pm found here is also 
rather long, though the actual error could be somewhat larger than quoted 
since the aC-C length was not refined. In (CH 2CN) 2 and CH 3CH 2CN the values 
of the C-C bond lengths adjacent to the nitrile group are 146.3(2) pm and 
145.9(10) pm respectively. The lengthening of the C-CN and CEN bonds could 
be related but, nevertheless, the reason why either of these bonds should be 
so long is not clear. 
- 58 - 
36 
Figure 3.5. Observed and final weighted difference molecular-scattering intensities for 
PF20CH 2CH 2CN at nozzle-to-plate distances of (a) 257 and (b) 96 mm. 
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Fguae 3.6. Perspective views of PF 20CH 2CH 2CN. 
(a) General view. 
(b) View along the bisector of angle POC. 
Is 
The CCO angle of 106.2(11) ° found here is not significantly different from 
that found in (PF 2)OCH 2CCCH 20(PF2) and may be small for similar reasons. The 
CCC angle found for PF 2 0CH 2CH 2CN is also very small [106.7(7) ° ], an effect 
which does not seem to be observed in other nitriles. The structure of 
CH 3 CH 2CN, determined from microwave spectroscopy, 
77 shows a CCC angle of 
112.0 ° and that in (CH 2CN) 2 is 110.1(3) 0 , both much larger than that found in 
this study. This suggests that both the CCC and CCO angles are indeed 
appearing too small because of shrinkage effects, though, even if this is the 
case, this need not necessarily account for the entire difference from values in 
related compounds. 
3.5. Discussion of the Structures of the PF 20CH2- Groups. 
The structures of the PF 20CH 2- portions of both (PF 2)OCH 2CCCH 20(PF2 ) 
and PF 20CH 2 CH 2CN are fairly similar. In both cases the conformation is 
approximately that in which the bisectors of the FPF and HCH angles are 
eclipsed and the group has C symmetry, though in both cases there are slight 
deviations from this. The conformation is probably significantly affected by 
interaction between the fluorine and hydrogen atoms, as has previously been 
found in other compounds 28,62,64,65,79,80 containing both -PF 2 groups and 
hydrogen atoms. Generally it appears that the conformation adopted is that 
which gives F... H distances of about 260 pm, presumably because the partial 
negative charge on the fluorine atom and the slight positive charge on the 
hydrogen atom attract one another. The distance of this F... H contact is 
close to the sum of van der Waals' radii for fluorine and hydrogen of 255 pm. 
For the structures studied here the shortest F ... H distances are between 
about 230 and 280 pm. Since the F... H distances are fairly short then there 
are usually also short F ... C distances, here between about 270 and 310 pm, 
which is less than the sum of van der Waals' radii of 320 pm. 
The slight deviations from perfect C symmetry of the PF 20CH 2- group 
found in the structures here result in the closest F ... H distance for one 
fluorine atom being shorter than that for the other. It is possible that this is a 
result of shrinkage, but it may also be a real effect since the energetic 
advantage of bringing one fluorine atom close to both hydrogen atoms may 
more than offset the slight increase in F... H distance for the other fluorine 
atom. 
The apparent requirement of short F. . .H distances does not always lead 
to conformations similar to the ones in these structures. In compounds of the 
type PF 2SCH 2R, where R is hydrogen 
79  or an alkyl group, 80  the fluorine atoms 
form contacts to the hydrogen atoms on one side of the alkyl chain rather 
than to both hydrogen atoms on the adjacent -CH 2 group, with the result that 
the PSCR dihedral angle is usually about 900, rather than 180 ° . In some other 
PF20- compounds, in which the the PF 20- group is attached to an unsaturated 
ring, 28,62  there is a close contact between only one fluorine atom in the -PF 2 
group and a hydrogen atom on the ring, and the F ... C distances are about 
30 pm longer than in the structures studied in this work. However, the 
structure of PF 20CH 3, determined from microwave spectroscopy, 
81  does show 
a similar conformation, as do the structures of PF 2 N(CH 3 ) 2 (see chapter 6) and 
PF 2N(CH 3 )H 64 determined by electron diffraction. 
The P-F and P-O bond lengths found here will be discussed in relation to 
those of PF 20CH 3 and other PF 20- compounds in chapter 6. 
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CHAPTER 4 
SOME EEACTIIOS OF ( 2)CD12CCCU 2 (PF2) AND  
222 WDTh METAL COMPLEXES. 
4.1. Introduction 
Fluorophosphines have frequently been coordinated to molybdenum in 
oxidation state zero to give stable complexes 1 so this was the metal chosen 
for reaction in this work. The displacement of I or norbornadiene from 
suitable complexes by fluorophosphines occurs readily under mild conditions 
(see chapter 1) and thus this method is well suited to preparation of 
complexes of the ligands used here. Since (PF 2)OCH 2 CCCH 20(PF2) is bidentate 
with respect to the fluorophosphine groups it could either chelate or bridge 
between metal atoms, though the latter seems more probable due to the 
length and rigidity of the molecule. 
Both the ligands of interest here have another potential coordination site 
apart from the -PF 2 group and, though this could bind to the same type of 
metal as the -PF 2 group, the primary aim was to attempt to coordinate it to a 
metal atom of another element. Many complexes of alkynes have been 
obtained 82 in which the CEC bond acts as a four-electron donor in bridging 
across a pair of cobalt atoms. For example, H0CH 2CCCH 20H will directly 
displace the bridging carbonyl groups of CO 2(CO) 8 at room temperature 
83  to 
give such a complex. Thus a molybdenum complex of (PF 2 )0CH 2 CCCH 20(PF2 ) 
might react in a similar manner, yielding a mixed metal complex. For 
PF20CH 2CH2CN, coordination of the nitrile to platinum or palladium might give 
a mixed metal complex. 
42. Reactions of (PF 2)OCH2CCCH20(PF2) 
4.2.1. Reaction with [Mo(CO) 51r 
The reaction was carried out in an n.m.r. tube using a ratio of two moles 
of complex to one of the ligand. After approximately one hour at room 
temperature the 31 P- 1 H} n.m.r. spectrum (figure 4.1a) showed considerable 
unreacted ligand as a triplet at 113 ppm, but also another species which, with 
a shift of 154 ppm, is almost certainly due to the coordinated ligand. 
However, this species at higher shift appears to show a small doublet 
coupling, in addition to the usual triplet coupling due to the fluorine atoms. 
Recording the spectrum on a spectrometer with a higher field (figure 4.1b) 
revealed the appearance of the original spectrum to be due to two species of 
very similar chemical shift, rather than due to coupling. Furthermore, the 
reaction time was now about three hours and the intensity of the signal due 
to the species at slightly lower shift had considerably decreased with respect 
to that of the other species. There was now also very little free ligand left 
u n reacted. 
The coordinated species at slightly lower chemical shift probably contains 
a ligand with only one -PF 2 group coordinated while in the other species both 
-PF2 groups are coordinated. As the reaction proceeds the signal of the former 
species diminishes as its free end becomes coordinated, thus giving the latter 
species whose signal consequently grows. The signal due to apparently free 
ligand may be largely due to the uncoordinated -PF 2 groups of ligands 
attached by only one end. 
Small amounts of other species can also be observed in the second 
spectrum. The peak at about 110 ppm is consistent with PF 3, which is 
confirmed by the fluorine n.m.r. spectrum, probably formed from some 
decomposition of the ligand. The species at 144 ppm is a quartet and thus is 
almost certainly due to a PF 3 complex. 
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The main product of the reaction has the n.m.r. parameters SP=154 ppm, 
6F=-19.2 ppm and 1 JpF=1240 ppm, all of which are consistent with the most 
likely product, [Mo(CO) 512[(PF2)OCH2CCCH20(PF2)]. Unfortunately it is difficult to 
confirm that the CC bond is not coordinated since the sample would be too 
weak to readily allow observation of quarternary carbon atoms in the 
13  C 
n.m.r. spectrum. This is because these atoms relax more slowly than most 
carbon atoms and therefore much of the signal is not detected using normal 
acquisition times. The acquisition time could be extended but this would 
increase the time required to record the spectrum, which is normally very long 
anyway. Infra-red spectroscopy cannot be used either since the CC stretch of 
the free ligand is unobserved in the i.r. spectrum. However, it seems unlikely 
that the CC bond is coordinated since, if it were, there would be insufficient 
complex for complete reaction with the -PF 2 groups and more apparently 
unreacted ligand would be observed in the 31 P spectrum. 
Preparation and isolation of [Mo(CO) 5 1 2 [(PF 2)OCH 2CCCH2O(PF2)1 was 
attempted, but was not very successful. A brown oil was obtained by complete 
evaporation of the solvent, but this method is unlikely to give a very pure 
product. A solid could not be obtained and this could be due to impurities 
from decomposition of the ligand, probably oligomeric and polymeric 
phosphites. 1  Attempts were made to precipitate a solid from CCI 2 H 2 solution 
by adding another solvent and reducing the solution volume by evaporation. A 
variety of common solvents were tried but an oil was always deposited. 
Solutions in CCI 2 1-1 2 and diethyl ether were cooled to approximately 250 K and 
left for about a week but no precipitation of solid occurred. Very slow 
evaporation of solvent might perhaps precipitate a solid but there was 
insufficient time to try this. 
The reaction of [Mo(CO) 5 ] 2[(PF 2)OCH2CCCH20(PF2)] with CO 2(C0) 8 was 
attempted using the unisolated product from the above reaction. The contents 
of the n.m.r. tube were simply transferred to another tube containing sufficient 
dicobalt octacarbonyl to react in a one-to--one ratio with 
[Mo(CO) 5 ] 2[(PF 2)OCH 2CCCH20(PF2)]. However, on attempting to obtain the n.mr. 
spectrum it became apparent that a paramagnetic species was present in the 
tube and thus no spectrum could be obtained. The most likely source of 
paramagnetism in this system is from cobalt in an oxidation state greater than 
zero, suggesting that at least some of the CO 2(CO) 8 has been oxidised. Though 
oxidation by the molybdenum complex, or impurities in the sample of this, 
cannot be totally ruled out there seems to be no obvious method by which 
this could occur. More probable is aerial oxidation of the dicobalt octacarbonyl 
to cobalt(l1) 82 compounds during weighing and transfer to the n.m.r. tube. 
An alternative route to the mixed cobalt-molybdenum complex envisaged 
above would be to react CO 2(CO) 6 (HOCH 2CCCH20H) with S(PF 2 ) 2, to replace the 
hydroxy groups by PF 20-, then react with [Mo(CO) 511 to give coordination to 
molybdenum. A possible problem with this first step is that the alkyne may be 
displaced from the cobalt, but reactions of alkyne substituents with retention 
of the cobalt-alkyne bond have been observed. 82,84 Therefore the reaction of 
CO 2(CO) 6 (HOCH 2CCCH20H) with S(PF 2 ) 2 was tried on a small scale in an n.m.r. 
tube. After about 30 minutes at room temperature a considerable quantity of 
solid had formed in the tube and, because of this, it was not possible to 
obtain a phosphorus spectrum. A fluorine spectrum was obtained however, and 
this showed PF 2HS as the only major product. As this is the expected 
by-product from the reaction of S(PF2)2 with a hydroxy group it appears that 
such a reaction has occurred, but since no product is apparent in the 
spectrum this must be very insoluble. One possibility is that the resulting 
PF 20- groups have displaced carbonyl groups from other molecules, giving 
polymers. Replacement of CO in CO 2(CO) 6(RCCR') compounds by various 
fluorophosphines has been observed, 85  though heating is normally required. 
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However, reaction of Ph 2PCECCF3 with CO 2(CO) 8 at room temperature has 
been found 86 to result in coordination of phosphine and alkyne. 
41.2. Reaction with Mo(CO) 4(nbd) 
This reaction was carried out in an n.m.r. tube using a one-to-one ratio of 
ligand to metal complex. After about 10 minutes at room temperature a brown 
precipitate rapidly formed. No signal could be found in the phosphorus n.m.r. 
spectrum. This suggests that all the ligand has reacted to give a very insoluble 
product, probably a polymer. This is not surprising as the ligand is capable of 
bridging and, since there are two available coordination sites on the substrate, 
this bridging could continue indefinitely. The results are in agreement with 
those of Bell 28 who tried this reaction using the direct products from the 
reaction of HOCH 2 CCCH 20H and S(PF 2 ) 2 without isolation and purification of 
the ligand. 
4.3. Reactions of PF 20CH 2CH 2CN 
4.3.1. Reaction with [Mo(CO) 511 
The ligand and metal complex were mixed in a one-to-one ratio in an 
n.m.r. tube and the reaction followed by 31 P-C 1 H} n.m.r. spectroscopy. After 
about an hour at room temperature the spectrum (figure 4.2a) showed 
unreacted ligand but also several species at higher chemical shift, indicating 
coordinated species. After approximately 13 hours the triplet at 144 ppm 
(species A) had diminished relative to the signals at 151 ppm (species B) and 
152 ppm (species C). After roughly two weeks the reaction had gone to 
completion (figure 4.2b), all free ligand had disappeared, as had the peak at 
144 ppm, leaving only the triplet at 151 ppm and the second order pattern at 
152 ppm, together with a very weak, second order signal at about 155 ppm 
(species D). The second order pattern at 152 ppm resembles that obtained 
from the A atom of an [AX2]2 spin system. The signal at 155 ppm is too weak 
MI UM 
Figure 4.2.(a) 31 P- 1 H) n.m.r. spectrum for the reaction of PF 20CH 2CH2CN with 
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to readily discern the nature of the pattern. 
The 19F-( 1 H} n.m.r. spectrum (figure 4.3) shows a doublet which, from the 
coupling, corresponds to species B in the phosphorus spectrum. Thus this 
species has n.m.r. parameters 5P=151 ppm, 6F=-20.3 ppm and 1 JpF=1239 Hz, 
which are consistent with those expected for Mo(CO) 5(PF 20CH 2CH 2CN), the 
predicted product of this reaction. The fluorine spectrum also shows a 
second-order pattern consistent with the X atom spectrum of an [AX2]2 
system, which thus corresponds to species C. Therefore this species seems to 
have two ligands attached to the metal centre. The second order pattern was 
analysed 47 and the n.m.r. parameters for species C are 6P=152 ppm, 
6F-19.7 ppm, JpF123 4 Hz, 2J53 Hz and 
3 JPF=3 Hz, which are consistent 
with those expected for Mo(CO) 4(PF 20CH2CH2CN)2. The small value of 3j PF 
suggests that the complex is the cis isomer (see chapter 1). There is no clear 
signal corresponding to species D in the fluorine spectrum, but the signal was 
very weak in the phosphorus spectrum anyway. This species could be the 
trans isomer of species C or perhaps a complex with more than two ligands 
attached to the metal. Species A appears to contain just one coordinated 
PF 20CH 2CH 2CN ligand since it gives a simple triplet with 1 JPF coupling of 
1235 Hz, but has a chemical shift about 7 ppm lower than that of species B. 
The most likely reason for this difference in chemical shift is the effect of 
some other ligand coordinated to the metal atom. 
The presence of species C suggests that the ligand is capable of 
displacing a carbonyl group from the molybdenum complex at room 
temperature. This is rather unusual for a fluorophosphine, as elevated 
temperatures or radiation are normally required  for such a reaction. To check 
this possibility, PF20CH 2CH 2CN was reacted with an equal quantity of 
molybdenum hexacarbonyl in an n.ni.r. tube at room temperature. Species 
corresponding to B and C were observed in both the phosphorus and fluorine 
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spectra, though the reaction appeared to be somewhat slower than with 
[MO(CO)51]. Displacement of CO was confirmed by observing an i.r. absorption 
at 2000 cm -1  from non-condensable gases removed from the n.m.r. tube. 
Therefore either the -PF 2  or the -C=N group must be capable of displacing CO 
directly at room temperature. 
If the -PF 2  group is replacing CO then it is obvious how species C arises. 
That the product is, at least mainly, the cis isomer could simply reflect that for 
addition of a second ligand there are four sites which would give the cis 
isomer compared to only one giving the trans, though electronic effects could 
also be involved. However, replacement by the -PF 2 group does not seem to 
give an explanation for the transient species A. 
If it is the nitrite group which is directly replacing CO then the -PF 2 group 
must be capable of displacing -C=-N, as coordinated phosphorus is observed. 
In this situation it would be possible for a carbonyl of the complex 
Mo(CO) 5 (PF 2 0CH 2 CH 2CN) to be displaced by a -C=N and this may cause a 
change in chmical shift, thus explaining the species A. Replacement of the 
coordinated nitrite in species A by a second -PF 2 group would then give rise 
to species C. All coordinated nitrite groups would eventually have to be 
replaced since species A is not observed in the final spectrum. However, since 
there are insufficient ligands for two of them to be coordinated to every metal 
atom, it would be expected that some -C=N groups would still be attached 
when all the free ligand had reacted, and thus some species A would be 
observed in the final spectrum. This objection can be overcome if it is 
proposed that the -PF 2 group of a ligand is able to replace the coordinated 
nitrile group of this same tigand, this rearrangement would then occur until all 
species A had disappeared, independent of the presence of any truly free 
ligand. Alternatively, the free -PF 2 group of a ligand coordinated by the -C=N 
group could replace the nitrite in another complex, providing this resulted in 
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eventual detachment of its own nitrile group, otherwise polymers would result. 
There is also the possibility that species A contains a chelated ligand, that is 
the coordinated -PF 2  and -C=N groups belong to the same molecule. However, 
there is some doubt that the ligand could adopt a suitable conformation for 
such chelation. 
If the -C=N group is replacing CO. and assuming this would alter the 
phosphorus chemical shift of a bound -PF 2 group, then the addition of a 
compound containing a nitrile group, but no -PF 2 group, to a sample of 
Mo(CO)5(PF20CH2CH2CN) might be expected to give a species similar to A. To 
test this some NCCH 2CH 20H was added to the original reaction mixture of 
IMO(CO)511- and PF 20CH 2CH 2CN and the phosphorus n.m.r. spectrum observed. 
However, no change in the spectrum could be detected. This suggests that if 
the -C=N group in PF 20CH 2 CH 2CN is replacing CO then the presence of the 
-PF 2  group at the other end of the Ilgand is necessary to enable this to occur. 
The above discussion is a speculative attempt to explain the limited data 
available on this reaction system. Additional data from further investigations 
would be required to elucidate the exact nature of this reaction. 
Detecting CEN coordination by 13C spectroscopy is difficult since the 
quaternary carbon atom in this group, like those in C=-C, is not easy to 
observe. In principle, observation of a change in the CEN stretching frequency 
in the i.r. spectrum could be used 
87 to detect coordination of this group. 
However, the solution available here appeared to be too weak for this method, 
as no peak could be observed in the CEN stretching region. 
4.3.2. Reaction with Mo(CO) 4(nbd) 
The reaction was carried out in an n.m.r. tube using a one-to-two ratio of 
metal complex to ligand. After about one hour the 31 P-( 1 H} n.m.r. spectrum 
(figure 4.4) showed some unreacted ligand together with two coordinated 
species at higher chemical shift. The species at 148 ppm may be a triplet with 
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Figure 4.4. 31 P-{ 1 H) n.m.r. spectrum for the reaction of PF 20CH 2CH 2CN with Mo(CO) 4(nbd). 
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a 1PF value of approximately 1240 Hz or it may be second order. The signal at 
153 ppm appears to be from an [AX2]2 spin system. After about two days at 
room temperature only the species at 153 ppm was in evidence. The second 
order pattern of this species is identical with that of species C obtained from 
the reaction with [Mo(CO)511 - . Since this is the expected product, 
c/s-Mo(CO) 4(PF 20CH 2CH2CN)2. from the reaction with Mo(CO) 4(nbd) this also 
lends support to the c/.5 assignment for this species. However, the 
stereochemistry of product and starting complex need not necessarily be the 
same, 88  since rearrangements may occur. 
There seems to be a transient species of a similar nature to that of 
species A in the reaction with [Mo(CO)511 - . The rigidity of the norbornadiene 
ligand is such that both coordination sites are vacated almost simultaneously 
and this can be conducive to chelation for the incoming ligand. Therefore it is 
possible that the transient species is due to a complex with one ligand 
chelated via the PF 20- and -C=N groups, though the objection to chelation 
noted earlier still stands. Of course the transient species here may be identical 
with species A, despite the difference in chemical shifts as these can be 
significantly affected by the nature of the solution. Jones and Coskran 89 found 
that reaction of ligands of the type R 2PCN in a two-to-one ratio with 
Mo(CO) 4(nbd) in n-hexane at room temperature gave [Mo(CO) 4 (R 2 PCN)12 with 
the ligands bridging. On refluxing the bridges broke to give Mo(CO) 4 (R 2 PCN)2. 
A very similar reaction could be happening here, though the bridged species 
would need to be less stable since it converts even at room temperature. 
An attempt to isolate Mo(CO) 4(PF20CH2CH2CN)2 was not very successful 
due to problems similar to those encountered when trying to isolate 
[Mo(CO)512[(PF2)OCH2CCCH20(PF2)1. The oil obtained was apparently unstable 
with respect to either air or moisture since on exposure to the atmosphere the 
colour changed from pale yellow to blue within a couple of hours. A similar 
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instability was noted 
89 for Mo(CO) 4 (R 2PCN)2 compounds. 
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CAEPTEIR 5 
GAS PHASE STIRQ.JJCTLDIRE OF P(F2)3 
5.1. Introduction 
Phosphoryltrioxytris(difluorophosphafle), PO(OPF 2 ) 3, has previously been 
prepared 90  and some of its properties have been studied. 
29  The reported 
melting point of 254 K is considerably higher than might be expected by 
comparison with the similar compound, P(OPF 2 ) 3, which has only one less 
oxygen atom yet its melting point 
29  of 165 K is far lower. This suggests the 
possibility of significant intermolecular interactions in the solid, supported by 
the observation that PO(OPF 2 ) 3 readily crystallises into rod-like microcrystals. 
Further evidence comes from observation of the frequency of the phosphoryl 
stretching band in the infra-red. The frequency in the crystalline phase is 
found to be 1258 cm -1 , 87 cm -1 lower than in the gas phase and 40 cm -1 
lower than in the amorphous solid. This suggests that the intermolecular 
interactions involve the phosphoryl group and the crystal structure 
91  shows 
this is indeed the case, with crystals containing chains of molecules linked by 
short, linear P=O* o op contacts. However, it was also found that the 
compound initially crystallises into a different, hexagonal form. On cooling to 
77 K an irreversible, topotactic phase change occurs to give the trigonal form 
for which the crystal structure was determined. The structural details of this 
phase change are not understood and unfortunately it has not yet been 
possible to determine the crystal structure for the hexagonal form. 
Determination of the gas phase structure of PO(OPF2)3 and comparison 
with the crystal structure should give some insight into the intramolecular 
structural changes which occur as the molecules associate in the crystalline 
phase. The gas phase structure is also of interest as very little structural work 
has been done on compounds containing PF 20- groups. 28,62,92,93 Furthermore, 
since this compound has potential as a tridentate ligand for coordination to 
metals, the structure of the free ligand would be useful for comparison with 
structures of complexes containing it. 
5.2. Experimental 
PO(OPF 2 ) 3  was prepared" by reaction of pure orthophosphoric acid with 
S(PF 2) 2  and purified by fractional condensation using standard vacuum line 
techniques. Product identity and purity were checked by gas phase i.r. 
spectroscopy and 31 P n.m.r. spectroscopy. The electron diffraction data were 
collected as described in chapter 1. The compound was sufficiently volatile for 
the data to be collected at room temperature. Weighting functions, correlation 
parameters and scale factors relating to the electron diffraction data are given 
in table 5.1. 
5.3. Refinement 
Throughout the structure refinement it was assumed that only one 
conformer, of C 3  symmetry, was present. Thus the structure could be defined 
by 10 structural parameters, the distances P'=O', P'-O, 0-P. P-F, the angles 
OP'O, POP, OPF, FPF and the twist angles about the 0-P' and P-O bonds. (P' 
denotes central, pentavalent phosphorus, 0' denotes double bonded oxygen. 
The twist angles are defined to be zero when P eclipses 0' and when the 
bisector of the FPF angle eclipses P' respectively.) Initial values were assigned 
to the parameters by reference to similar compounds. Values for the two 
twist angles were difficult to assign and were set initially to those found in 
the crystal structure. The distance parameters P-F, P'-O, 0-P and angles FPF 
and OPF were refined and then more accurate starting values for the twist 
angles were determined by performing a series of refinements in which values 
of the two twist angles were varied in regular steps over their entire possible 
ranges. Thus a matrix of values of the R-factor, RG,  as a function of the two 
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S m i n 	SW1 	SW2 	Smax 
pm-1 
0.004 0.060 0.080 0.300 0.352 
0.002 0.020 0.040 0,122 0.144 
Correlation 	Scale 
parameter factor 	Wavelength 
pm 
	
0.4660 	0.659(11) 	5.687 
0.4693 	0.692 (8) 	5.687 
Camera 
height 	As 
independent angles was obtained. Conformations which gave the lowest values 
of RG  were then studied more closely. Some could be dismissed immediately 
as they involved unrealistic geometric parameters, but the remainder were 
further refined until one structure showed itself to give a much better fit than 
any of the others. 
After all geometrical parameters (table 5.2) had been refined, attempts 
were made to refine amplitudes of vibration. This proved difficult at first 
because of a number of strong correlations (table 5.3), particularly between the 
P-O and P-F distances. This is due to the overlap of these peaks in the radial 
distribution curve (figure 5.1). It was found necessary to fix most of the 
geometrical parameters first, though after refining the most important 
amplitude parameters these were allowed to refine again. The values of all 
amplitudes of vibration except those for the long F ... F distances were 
eventually refined, although a number of these had to be constrained in 
groups such that all values within any one group were equal (table 5.4). Since 
the two single-bond phosphorus-oxygen geometrical parameters had very 
similar values they were replaced by a mean and a difference (defined to be 
positive when the bond to the -PF2 group was longer than that to the central 
phosphorus atom). The mean was then less, uncertain than were the individual 
parameters, most of the uncertainty being associated with the difference. The 
final value of RG  was 0.065, which indicates a very good fit and thus suggests 
that the original assumptions made about the structure are valid. The 
experimental and final difference molecular scattering curves are shown in 
figure 5.2. 
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Table 5.2. Molecular parameters for PO(OPF2)3. All distances in pm, all angles in 
degrees. 
P 1 P'=O' 140,1(10) 
P 2 mean pbo,pOa 1583(11) 
P 3 duff. 	pO_pboa —1,4(30) 
P 4 P—F 158.1(10) 
P 5 <OPO 102,8 	(7) 
P 6 <POP 132.0(16) 
P 7 0—P' 	twistb 126,6(12) 
P 8 P—O twistb 127,1(16) 
P 9 <OPF 98.3 	(6) 
PlO <FPF 96.4(14) 
a For definition see text. 
b Positive anticlockwise in direction from first to second atom. For definition of 
zero see text. 
 92 -	- 
Table 5.3. Least squares correlation matrix (X 100) for PO(OPF 2 )3. All elements with 
absolute value <50 have been removed. 
P2 	p 4 P5 P6 P8 P9 	PlO u14 u15 	k 1 	k 2 
—55 	—57 	p 1 
—99 —92 57 60 p 2 
78 	—76 65 —62 61 p 3 
91 —57 —62 p 4 
—81 p 5 
73 52 	—75 p 7 
—82 	62 64 P 8 
—58 —59 p 9 
57 	u 1 
64 	—64 —71 65 u s 
—63 53 66 u 6 
—60 	 ull 
56 	k 1 
Figure 5.1. Observed and final difference radial-distribution curve, P(r)/r, for PO(OPF2)3. 
Before Fourier inversion, the data were multiplied by s.exp(-20s 2)/E(Zp-fp)(ZF- fF)1. 
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Table 5.4. Interatomic distances and amplitudes (u) for P0(OPF 2) 3 . All values in 
pm. 
Distance Amplitude 
d 1 (P-F) 158.1(10) 5.3 	(1) 
d 2 (P'-O') 140.1(10) 4.8 	(tied to u 1) 
d 3 (P'-O) 159.0 	(9) 	1 
? 	
5.3 	(tied 	to u 	1) 
d 4 (P-0) 157.6(25) 	J 
d 5 (P'...P) 289.3 	(8) 10.4 	(8) 
d 6 (F.. .F) 235.7(31) 
d 7 (F.. .0) 238.9(12) 
7.6 	(8) 
d 8 (0'...0) 253.2(12) 
d 9 (0...0) 248.5(13) 
dlO (P'...F) 397.1 	(9) 	1 
14.1 	(9) 
dli (P'...F) 336.5 	(9) 	j 
d12 (P ... 0') 391.0(10) 
d13 (P...0) 371.6(16) 11.3(12) 
d14 (P ... 0) 302.2(23) 
d15 (P ... P) 396.5(22) 21.3(25) 
d16 (F...0') 481.4(19) 
d17 (F...0') 467.3(11) 
d18 (F ... 0) 458.4(25) 
22.1(19) 
d19 (F ... 0) 449.1(24) 
d20 (F.. .0) 353.5(19) 
d21 (F ... 0) 329,0(37) 
d22 (P ... F) 544.5(22) 
d23 (P ... F) 362.5(40) 
23.9(17) 
d24 (P ... F) 442.9(18) 
d25 (P.. .F) 332.7(30) 
d26 (F.. .F) 599.6(22) 
d27 (F.. .F) 429.7(54) 
20.0 	(fixed) 
d28 (F.. .F) 465.5(29) 
d29 (F.. .F) 246.4(42) 
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Figure 5.2. Observed and final weighted difference molecular-scattering intensities for 
PO(OPF2)3. at nozzle-to-plate distances of (a) 286 and (b) 128 mm. 
(b) 
IN 
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5.4. Discussion 
5.4.1. Gas phase structure and comparison with similar structures 
A comparison of this structure with those of PF 3 and other PF 20-
compounds is shown in table 5.5. The FPF angle in PF 3 is generally somewhat 
larger than in the difluorophosphines and slightly smaller than the OPF angle. 
This is as expected from consideration of the electonegativities of the 
substituents on phosphorus. The P0 distance found in this work is very 
similar to that found in PF20CH3 but is also not significantly different from 
that in any of the other PF20- compounds. Overall, the values found here are 
in close agreement with those of the other structures. 
The OP'O angle in PO(OPF2)3 [102.8(7) ° ] is not significantly different from 
that found in the gas phase structure 
94 of PO(OCH 3 ) 3 [105.0(29) ° ] and is only 
slightly larger then the FPF angle in PF 3095 [101.3(2) ° ], as would be expected 
since oxygen is less electronegative than fluorine. The P'O distances in 
PO(OCH 3 ) 3 and P0(OPF 2) 3 are also not significantly different from each other 
[159.0(9) and 158.0(2) pm]. The P'O' distance in P0(OCH 3 )3 [147.7(6) pm] is 
considerably longer than in PO(OPF 2 ) 3 [140.1(10) pm], though it would be 
expected to be somewhat longer since the CH 30- group is less 
- electronegative than the PF 20- group. The P'O' distance in PF 30 might be 
expected to be comparable to that in PO(OPF 2)3 due to the effect of the 
electronegative fluorine atoms, but the distance found [143.6(6) pm] is 
significantly longer than that in P0(OPF2)3. 
An interesting aspect of this structure (figure 5.3) is the close arrangement 
of three of the fluorine atoms at a distance of 246 pm from each other. 
Though this is within the sum of Van der Waals radii for two fluorine atoms 
(270 pm) it could be subject to some systematic error due to shrinkage 
effects, for which corrections were outside the scope of this work. 
Nevertheless the distance clearly is very short in the conformation which the 
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Table 5.5. Comparison of relevant structural parameters of PO(OPF 2 ) 3 with those of PF 3 and other 
PF20- compounds. All distances (r) in pm, all angles (a) in degrees. 
Compound r(P-F) r(P-O) a(FPF) a(OPF) Ref. 
PF 3 157.0 	(1) - 97.3 	(2) - 93 
0(PF 2 ) 2 156.8 	(4) 163,1(10) 99.2(24) 97.6(12) 61 
PF 20C 6 H 5 158.2(16) 159.5(37) 98.0
a 98.4 	(3) 62 
1,4-C 6H4 (OPF 2 ) 2 157.7 	(7) 159.8(13) 96 	(3) 97.8(16) 28 
1 , 3-C6H4  (OPF2)  2 158.1 	(6) 159.7(10) 97 	(2) 98.3 	(6) 28 
PF 20CH3 159.3 	(2) 157.5 	(6) 94.8 	(2) 101.5 	(2) b 
PF20CH2CH2 CN 160.1 	(3) 155.1 	(8) 93.6 	(9) 102.0 	(4) c 
(PF 2 )OCH 2CCCH20(PF 2 ) 159.8 	(3) 155.3 	(8) 94.6(11) 100.7 	(8) c 
PO(OPF 2 ) 3 158.1(10) 157.6(25) 96.4(14) 98.3 	(6) 
a Fixed. 
b See chapter 6. 
c See chapter 3. 
Figure 5.3. Perspective views of PO(OPF2)3. 
(a) General view. 
(b) View along the C 3 symmetry axis. 
molecule appears to adopt. It seems likely that these F ... F contacts limit any 
further rotation about the P-0 bond, since this would bring the fluorine atoms 
too close together. Similar comments apply to the rather short P ... 0 distance 
of 302 pm between the phosphorus atom in one PF 20- group and the oxygen 
atom in another. 
When considering the conformation of this molecule it is, of course, 
important to consider the effect of lone pairs of electrons, particularly those 
on the phosphorus and oxygen atoms in the PF 20- groups. From the evidence 
of the crystal structures of disiloxane 96 and methoxysilane 
96 and electron 
diffraction studies of substituted disiloxanes 98  it seems probable that there is 
only one stereochemically active lone pair on the oxygen atom with the other 
lone pair in a p-orbital which is perpendicular to the plane containing the 
bonds to oxygen and the first lone pair. It seems reasonable to suppose a 
similar situation might exist for an oxygen atom bonded to two phosphorus 
atoms. If this is assumed to be the case then this lone pair on the oxygen 
atom is staggered with respect to the other oxygen atoms on the central 
phosphorus and this could largely explain the conformation here. The lone pair 
on the trivalent phosphorus atom is staggered with respect to the central 
phosphorus atom, but one of the fluorine atoms eclipses the lone pair on the 
oxygen atom. However, the interactions of the phosphorus lone pair and the 
fluorine atoms with the oxygen atom in the neighbouring PF 20- group are 
probably also important in determining the conformation here. If the P-0 twist 
angle is increased the phosphorus and oxygen lone pairs become closer, while 
if it is considerably decreased one of the fluorine atoms approaches the 
oxygen atom too closely. 
.5.4.2. Comparison of gas phase and solid state structures 
In order to compare the gas phase structure with that of the crystal it is 
first necessary to consider some relevant aspects of the crystal structure. 91 In 
the crystal the molecules are arranged in chains, head-to-tail, along the C3 
molecular axis (figure 5.4). Between the molecules of these chains there are 
intermolecular contacts, one linear P'=O' op' contact of 314 pm and three 
P'=O'° o o P contacts of 288 pm and an angle of 121 ° at the oxygen atom. The 
latter contact is nearly trans to one of the fluorine atoms so the geometry 
about P is approximately trigonal bipyramidal with 0' and one F atom axial and 
0, the other F atom and the phosphorus lone pair occupying the equatorial 
positions. There are no significant intermolecular interactions between the 
chains but an interlocking, both of the PF 20- substituent chains and the 
individual fluorine atoms, is apparent. 
A comparison between the bond lengths and angles in the crystal and gas 
phases is given in table 5.6. Each of the three sets of figures given for the 
crystal correspond to a molecule in one of the distinct chains found in the 
structure though, due to some disorder in one of the chains, the values for 
molecule one are generally less reliable. The P'=O' bond in the crystal is 
considerably longer than in the gas phase due to the effect of the 
intermolecular contacts, which involve this bond and thus slightly weaken it 
and reduce its double bond character. This also explains the larger OP'O angle 
found in the crystal since the 0 atoms must spread slightly to accommodate 
the close approach of the 0' atom of another molecule. The most obvious 
difference between the two structures is in the twist angle about the P-0 
bond which is different by some 50 ° . In the gas phase the base of the P' 
atom is covered by three of the fluorine atoms and only by rotation about the 
P-0 bond can sufficient space for the close approach of the 0' atom of 
another molecule be created. A change of 50 0 gives the near trigonal 
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F 
Figure 5.4. Part of a chain of molecules in the crystal structure, 
showing the intermolecular interactions within the chain. 
T C 
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Table 5.6. Comparison of crystal and gas phase structural parameters for 
PO(OPF2)3. All distances in pm, all angles in degrees. 
Crystal Gas 
molecule 1 molecule 2 molecule 3 
r(P'O') 141.9(11) 148.2 	(9) 147.5 (9) 140.1(10) 
r(P'-O) 156.6 	(9) 154.8(10) 154.1 (9) 159.0 	(9) 
r(O-P) 163.6(10) 164.9(10) 166.5(10) 157.6(25) 
r(P-F) 159.8(11) 154.1(11) 155.9(11) 158.1(10) 
157.7(14) 158.3(13) 157.5(10) 
• OP'O 107.3 	(4) 107.9 	(5) 107.6  102.8 	(7) 
• P'OP 138.4 	(6) 135.6 	(6) 134.9  132.0(16) 
4(O'P'OP) -130.5 	(9) -129,0 	(8) 126.2 (8) 126.6(12)a 
4(P'OPF) -128.0 	(9) -131.8 	(9) 134.5 (8) 175.3(17)a 
134.1 	(9) 130.8 	(9) -129.1 (8) 78,9(17)a 
• OPF 95.3 	(5) 96.0 	(5) 95.0 (5) 98.3 	(6) 
93.2 	(6) 94.2 	(6) 96.8  
• FPF 97.6 	(6) 97.0 	(6) 95.7  96.4(14) 
• O'P'O 111.5 	(5) 111.0 	(5) 111.3 (5) 115.5 	(8)b 
a True dihedral angle, calculated from twist angle to allow comparison with 
crystal data. 
b Dependant parameter, not refined. 
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bipyramidal arrangement at P and allows the P'=O'° o op close contact to form. 
The P'-O distance in the crystal is slightly shorter than in the gas phase and 
this shortening can be associated with the decrease in the bond order of the 
P'=O' bond mentioned above. More pronounced is the lengthening of the P-O 
bond on transition from gas to solid phase. This could be explained as the 
removal of electron density from the bond by the combined effect of the 
increased double bond character of the P'-O bond and the intermolecular 
contact to the P atom. 
The condensation of PO(OPF 2 )3 to the crystalline state can thus be viewed 
as the formation of chains of p'=Q'o a op' connected molecules and rotation 
about the P-O bond to allow the formation of P'=O'o o °P contacts. This 
suggests a possible intermediate stage where the linear contacts have formed 
but, though some rotation would be necessary to give space for the 0' atom 
as described above, rotation by the full 500,  and consequent formation of the 
p'Q'o o op contacts, has not occurred. This stage could correspond to the 
hexagonal crystal phase, the observed phase transition could then be explained 
as the rotation about the P-0 bond and the formation of further intermolecular 
contacts. This would be consistent with the topotactic nature of the phase 
change since the small atomic displacements caused by the rotation would 
allow the crystal to remain intact. This would also explain why the phase 
change is irreversible since, once the more stable packing state has been 
attained it will persist until the crystal is re-melted. 
The overall effect on the molecule in changing from gas to crystal is a 
shortening and widening. The length of the molecule along the C3 axis 
changes from 445 pm in the gas phase to 389 pm in the solid. The radius of 
the molecule (defined as the distance, in the xy plane, of the furthest atom 
from the C3 axis) increases from 346 pm in the gas phase to 378 pm in the 
crystal. 
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CHAPTER 6 
STRUCTURES OF PF2M(CH3)2 ' 	203 
6.1. Introduction 
The simplest PF20- compound is PF 20CH 3 and the nitrogen analogue of 
this is PF2 N(CH 3 ) 2 , in the sense that there is one -PF 2 group bound to nitrogen 
and the other groups are methyls. Therefore these compounds are obvious 
candidates for structural investigation as part of a study of the stuctures of 
-PF2 compounds. 
The structure of PF 2 N(CH 3 ) 2 was first studied, 99 in the solid phase, by x-ray 
crystallography. It was found to be planar at the nitrogen atom with a short 
P-N bond [162.8(5) pm] compared to that in [H3NP03I - [178(3) pm], 100 and long 
P-F bonds [161.0(4) pm] compared to those in PF 3 92 [157.0(1) pm]. In contrast 
the gas phase structure determined by electron diffraction 65  appeared to 
indicate a significantly non-planar arrangement around the nitrogen atom, 
though similarly short P-N and long P-F bonds [164.8(8) and 158.9(3) pm] were 
found. However, in an investigation of the structure by microwave 
spectroscopy 01 it was found that the experimental rotation constants were 
predicted more accurately using a structure which was planar at nitrogen than 
with a structure similar to that determined from electron diffraction. 
The configuration of the carbon atoms with respect to the -PF 2 group 
determined from electron diffraction data is fairly strongly dependent on the 
F ... C distances. Since the contribution to the total scattering from these 
distances is moderately small it is possible that they had been inaccurately 
fitted in the determination due to random background fluctuations in the data. 
Therefore new data were collected and the determination repeated to 
investigate whether the original structure was consistent with new data. If the 
determination had been significantly affected by random fluctuations the effect 
would, at the very least, be expected to be different with different data. In fact, 
due to improvements in the technique, the new data should be of better 
quality than the old. 
The structures of (PF 2)OCH 2CCCH 20(PF2) and PF 20CH 2CH 2CN found earlier 
(see chapter 3) show longer P-F and shorter P-O bonds than in previous 
structures of PF 20- compounds 
28,61,62 determined from electron diffraction 
data. The structure of PF 20CH 3  deduced from microwave spectroscopic data 
81 
shows similar long P-F bonds and short P-O bonds to those of 
(PF 2)OCH 2 CCCH 20(PF2) and PF 20CH 2 CH 2CN. Thus a structure determination by 
electron diffraction was undertaken to check that this too gave a similar 
structure, which it should if both determinations are giving accurate results. In 
addition the availability of rotation constants for the molecule would allow a 
combined structure to be determined. 
6.2. Experimental 
The sample of PF 2 N(CH 3 ) 2  was prepared by the standard method described 
in the literature 8  and the purity was checked by n.m.r. spectroscopy. 
The preparation of PF 20CH 3 was first attempted by reaction of S(PF 2 ) 2 with 
methanol. 
CH 30H + S(PF 2 ) 2 	> PF 20CH 3 + PF 2 HS 
From i.r. spectroscopy it was clear that the desired product had been formed. 
However, it was not possible to separate the product and PF 2HS fully because 
their volatilities were similar. Therefore the reaction of PBrF 2 with methanol in 
the presence of base was tried since here the HBr by-product should be 
removed as an involatile salt. 
CH 30H + PBrF 2 + Base 	> PF 20CH 3 + BaseHBr 
The base used was 2,6-methylpyridine because it is involatile and thus any 
excess should be easily separated from the product. Again i.r. spectroscopy 
showed the desired product but also an impurity which could not be fully 
separated. By i.r. and n.m.r. spectroscopy this was shown to be methyl 
bromide, presumably from the reaction 
102 of methanol with some free HBr. 
CH 30H + HBr 	-> CH 313r + HBr 
Unfortunately there was insufficient time to prepare another sample so this 
one had to be used. The n.m.r. spectrum indicated approximately 10% CH 3 Br, 
which can be allowed for in the structure determination. 
The electron diffraction data were collected in the standard manner 
described in chapter one, and both compounds were sufficiently volatile for 
the data to be collected at room temperature. Relevant experimental 
information, together with weighting functions, correlation parameters and 
scale factors, are given in table 6.1. 
6.3. Structure of PF 2N(CH3)2 
6.3.1. Refinement 
The model used assumed that the PF 20- group possessed local C 
symmetry and that both N-C bonds were the same length. It was also 
assumed that both methyl groups were identical, with each having local C 3 ,,, 
symmetry. The structure can thus be defined by fourteen parameters, the 
distances P-F, P-N, N-C and C-H, the angles FPF, FPN, CNC, HCH, NCC dip, 
NCC wag and Me tilt and the twist angles about the P-N, N-C and N-C' bonds. 
The NCC dip angle is the angle between the P-N bond and the NCC plane, 
while the NCC wag is the angle between the P-N bond and the reflection 
plane bisecting the CNC angle. The Me tilt angle was defined as the angle 
between the N-C bond and the C3 axis of the methyl group, the movement 
being constrained to the NCC plane and a positive angle indicating the two 
methyl groups moving apart. The P-N twist angle is defined as zero when the 
FPF and CNC angle bisectors are syn with respect to each other. The N-C and 
N-C' twist angles are defined as zero when one hydrogen atom lies in the 
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Table 6.1. Weighting functions, correlation parameters and scale factors for PF 2 N(CH 3 ) 2 and PF 2 0CH3. 
Camera 
I 	 height 
00 
(0 
I 	 1mm 
	
PF2N(CH3 ) 2 	128.3 
285.7 




As 	Smin 	SW1 	SW2 	Smax 
	parameter factor  
pm-1  
0.004 0.060 0.080 0.300 0.352 0,2882 0,761(13) 
0.002 0,020 0,040 0.124 0.144 0.4696 0.709 	(6) 
0.004 0.060 0.080 0.300 0.352 0.4675 0.684(11) 







NCC plane and this atom is anti with respect to the further N-C bond. All the 
twist angles are defined to be positive for an anticlockwise rotation, viewed 
from the first to second named atom. 
The largest peak in the radial distribution curve (figure 6.1) contains the 
P-F, P-N and N-C bonded distances, and to the left of this the C-H peak can 
be clearly seen. The peak between 200 and 300 pm shows the F ... N and 
F ... F distances on the left and the P ... C distances to the right. One F ... C 
distance is very close to the P... C distances but the others are spread out 
under the curve between 300 and 400 pm, together with small contributions 
from various distances involving hydrogen atoms. 
The initial parameters used were those obtained from the previous 
structure determination. All the distance parameters (table 6.2) were refined, 
together with all the angles apart from HCH, Me tilt and NCC wag, and the P-N 
twist angle was also refined. Amplitudes of vibration for the distances P-F, 
N ... F, P. ..C, C-H and N ... H were then refined (table 6.3), as was the angle 
HCH. At this stage a number of R-factor loops were performed on the N-C 
twist angle in the range 0 to 120 ° with N-C' twist constrained to be: (a) equal 
to N-C twist (b) -(N-C twist) (c) N-C twist + 180 ° . In (a) the value of R 0 
- varied from 0.089 at zero to 0.136 at an angle of 90 0 while in (b) this 
maximum was 0.140 at 45 0 . For (c) there were two minima with R-factors of 
0.097 at 0 and 45 0 and two positions with a maximum R-factor of 0.102 at 30 
and 60 ° . The best fit was thus obtained with both these twist angles at zero, 
so they were left fixed there. 
Amplitudes of vibration were refined for three of the four F ... C distances, 
with those for the longer pair of distances constrained to be equal to one 
another. The vibrational amplitude for F... F was also refined with that of 
F.. .N tied to it. The Me tilt and NCC wag parameters were not refined, but for 
both an R-factor loop between -10 and +10 0 was performed and the values of 
Figure 6.1. Observed and final difference radial-distribution curve, P(r)/r, for PF 2 N(CH3)2. 
Before Fourier inversion, the data were multiplied by s.exp(-20s
2)/[(Zp-fp)(ZFfF)]. 
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Table 6.2. Molecular parameters for PF 2N(CH 3)2. All distances in pm, all angles in 
degrees. 
This 	 Previous 
determination determination 
P 1 P-N 165.7 	(6) 164.8 	(8) 
P 2 N-C 144.8 	(3) 144.8 	(6) 
P 3 P-F 159.1 	(1) 158.9 	(3) 
P 4 C-H 114.7 	(6) 115 	(1) 
P 5 <CNC 113.3(16) 111.8(15) 
P 6 <HCH 111.6(10) 109.9(15)a 
P 7 N-C twist 0.0(fixed) - 
P 8 N-C' 	twist 0.0(fixed) - 
P 9 Me tilt 00(35)b - 
PlO NCC dip 26,4(29) 
32,5(35)b 
P11 NCC wag 00(15)b - 
P12 <FPN 99.1 	(4) 97 	(4) 
P13 P-N twist 88.4(20) 86 	(2) 
P14 <FPF 92.7 	(4) 99 	(3) 
a The parameter was not used in the definition of the structure. This value was 
calculated from those of other parameters. 
b Not refined. E.s.d. estimated from an R-factor plot. 
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Table 6.3. Interatomic distances and amplitudes (u) for PF 2N(CH 3) 2 . All values in 
pm. 
distance amplitude 
d 1 (N-P) 165.7 	(6) 4.5(fixed) 
d 2 (P-F) 159.1 	(1) 4.1 	(2) 
d 3 (N-C) 144.8 	(3) 4.5(fixed) 
d 4 (C-H) 114.7 	(6) 8.6 	(6) 
d 5 (N. .F) 247.2 	(6) 6.4 	(5) 
d 6 (N ... H) 209.7(12) 
d 7 (N.. .H) 209.7(12) 
d 8 (N.. .H) 209.7(12) 
8.6 	(9) 
d 9 (N.. .H) 209.7(12) 
dlO (N.. .H) 209.7(12) 
dli (N,. .H) 209.7(12) 
d12 (P.. .C) 268.4 	(4) 	1 
9.1 	(4) 
d13 (P.. .C) 268.4 	(4) J 
d14 (F.. .F) 230.2 	(7) 5.8(tied to u 	5) 
d15 (C...C) 241.9(22) 9.0(fixed) 
d16 (H.. .H) 189.7(18) 12,0(fixed) 
d17 (P.. .H) 271.1(23) 
d18 (P.. .H) 316.6(34) 
d19 (P.. .H) 358.0(15) 
15. 0(fixed) 
d20 (P.. .H) 271.1(23) 
d21 (P.. .H) 316.6(34) 
d22 (P.. .H) 358.0(15) 
d23 (F.. .C) 355.0(32) 15.5(35) 
d24 (F.. .C) 275.5(19) 15.0(fixed) 
d25 (F...C) 379.3(19) 15,5(tied to u23) 
d26 (F...C) 300.9(15) 11.0(13) 
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d27 (C...H) 338.5(17) 
d28 (C...H) 266.2(32) 
d29 (C.. .H) 266.2(32) 
d30 (C.. .H) 338.5(17) 
d31 (C.. .H) 266.2(32) 
d32 (C.. .H) 266.2(32) 
d33 (F.. .H) 387.5(20) 
d34 (F.. .H) 357.5(78) 
d35 (F.. .H) 447.3(25) 
d36 (F.. .H) 251.6(54) 
d37 (F.. .H) 280.0(58) 
d38 (F.. .H) 388.2(21) 
d39 (F.. .H) 392.8(41) 
d40 (F...H) 444.9(24) 
d41 (F.. .H) 438.2(46) 
d42 (F.. .H) 248.9(29) 
d43 (F.. .H) 381.2(33) 
d44 (F.. .H) 373.4(43) 
d45 (H.. .H) 419.2(24) 
d46 (H...H) 368,8(32) 
d47 (H.. .H) 368.8(32) 
d48 (H.. .H) 368,8(32) 
d49 (H ... H) 238.6(54) 
d50 (H ... H) 304.8(37) 
d51 (H ... H) 368.8(32) 
d52 (H ... H) 304.8(37) 
d53 (H ... H) 238.6(54) 
20 .0(fixed) 
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RG recorded. Both showed minima at zero and from the values of RG, 
estimates of their uncertainties 103  were obtained. Attempts to refine 
amplitudes of vibration for the P-N and N-C bonded distances were 
unsuccessful since they refined to unrealistically small values (less than 
0.04 pm), probably largely as a result of correlations (table 6.4). The final 
value of RG obtained was 0.079. The experimental and final difference 
molecular scattering curves are shown in figure 6.2 and views of the molecular 
structure are shown in figure 6.3. 
6.3.2. Discussion 
The structure found here is very similar to that found previously (table 6.2), 
though the fit to the data is considerably better, with an RG  value of about 8% 
as opposed to 12% for the previous determination. This is reflected in 
generally lower e.s.d. values for the parameters. Only one parameter is 
significantly different from the value found previously, the FPF angle. In the old 
structure the FPF angle is greater than the FPN angle, which is somewhat 
surprising since, from the sizes of the atoms, the reverse might be expected. It 
is possible that these values became reversed in this structure due to the 
similarity of the F. . . F and F ... N distances. 
The NCC dip angle of 26 0 indicates that the structure appears to be 
non-planar at N, in contrast to the evidence from the crystal structure and 
microwave data. A theoretical prediction 
104 of the conformation, by the MNDO 
semi-empirical molecular orbital method, also supports a planar nitrogen atom. 
It has been suggested 
104 that a similar discrepancy in the structure of PF 2NH 2 
is due to shrinkage effects arising from a large amplitude rocking motion of 
the -NH 2  group. Therefore a similar effect, due to rocking of the -N(CH 3 ) 2 
group, may be causing the discrepancy found in PF2N(CH 3) 2 . Recent microwave 
and vibrational studies 105  by Dung et at indicate that the -N(CH 3) 2 rock in 
PF2N(CH 3) 2  has a very low frequency (30 cm) and thus lend considerable 
- 104 - 
Table 64. Least squares correlation matrix (X 100) for PF 2 N(CH 3 ) 2. All elements 
with absolute value <50 have been removed. 
P 3 PlO P12 P13 P14 u 2 u12 u23 k 1 
	
-65 	-56 	 -79 	 P 1 
55 	 -52 P 2 
-54 p 3 
-88 	76 	 81 p 5 
-58 p 6 
-74 	 -75 PlO 
-54 	61 	 -52 P12 
76 P13 
53 u 5 
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I1 
Figure 6.2. Observed and final weighted difference molecular-scattering intensities for 
PF 2N(CH3)2 at nozzle-to-plate distances of (a) 286 and (b) 128 mm. 
I-" 
(b 
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(a) 
to 
Figure 6.3. Perspective views of PF 2N(CH3)2. 
(b) View parallel to NCC plane, showing the dip angle. 
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support to this hypothesis. 
6.4. Structure of PF 20CH3 
6.4.1. Refinement of the ra  structure 
The model used assumed local symmetries of C s  for the PF 20- group and 
C 3 ,,, for the methyl group. The methyl bromide impurity was compensated for 
by a set of fixed distances 106 with multiplicities modified by a parameter 
allowing the proportion of impurity to be varied. The structure can be defined 
by 11 parameters, the distances P-F, P-a, C-a and C-H, the angles FPF, FPO, 
COP, OCH and Me tilt and the P-O and 0-C twist angles . The parameter 
xCH 3 Br is the number of moles of methyl bromide per mole of PF 20CH3. The 
P-a twist is defined as zero when the FPF angle bisector is syn with respect 
to the 0-C bond and for the 0-C twist when one hydrogen atom is anti with 
respect to the P-O bond. Both angles are positive for anticlockwise rotations 
when viewed from the first to second named atom. The Me tilt angle allowed 
the methyl group to tilt away from (positive) or towards (negative) the P-0 
bond only. 
The largest peak in the radial distribution curve (figure 6.4) contains the 
P-F, P-O and C-0 distances, while to the left of this the C-H peak can be 
distinguished. The other main peak contains the F... F and F ... 0 distances 
with, to the right of these, the contributions from the P ... C and F...  
distances clearly visible. The small peak at about 200 pm is partly due to 
0.. .H distances but probably also contains the C-Br peak of the CH 3 Br 
impurity. 
The initial values of the parameters were set as described in chapter one 
with, obviously, the structure determined from microwave data and the 
structures in chapter 3 being important references. Both P-0 twist and 0-C 
twist were initially set at zero. First, the principal bond lengths and angles, 
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Figure 6.4. Observed and final difference radial-distribution curve, P(r)/r, for PF 20CH3. 
Before Fourier inversion, the data were multiplied by s.exp( -20s 2)/UZpfp)(Zrf F)]- 
I1 
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P-F, P-O, C-O, FPF, FPO and COP were refined. Then a two-dimensional 
R-factor loop was performed on the P-O and 0-C angles over their entire 
possible ranges. The minimum value of RG  was 0.084, obtained at zero P-O 
twist and a 0-C twist angle of 15 0 . This rose, in the direction of constant P-O 
twist, to 0.105 at an angle of 60 0 for 0-C twist and, in the direction of 
constant 0-C twist, to 0.143 for a 45 ° P-0 twist angle. The two twist angles 
were then refined from the values which gave the minimum RG  value. For both 
twist angles this resulted in large uncertainties, greater than the values 
themselves, so both were fixed at zero. The C-H length could not be 
satisfactorily refined, as the value increased to more than 115 pm and with a 
large uncertainty. An R-factor loop on xCH 3 Br showed a minimum RG of 0.080 
for an xCH 3 Br value of 0.085, rising evenly at lesser and greater values to 
0.082 with the parameter at zero. The amount of impurity was thus set at 
0.085. 
Since P-F and P-0 were very similar lengths, the parameters were 
changed to a mean value and the difference P-0 minus P-F. The principal 
amplitudes of vibration were then refined, though some had to be constrained 
in groups. Attempts to refine u(P ... C) resulted in this amplitude of vibration, 
and that of u(F... F), becoming too small (less than 5 pm). The R-factor at this 
stage was 0.079. Since further analysis of the structure of PF 20CH 3 has been 
performed, full tables for the r a  structure are not given, but the parameter 
values are included in table 6.8 for comparison. 
6.4.2. Force field calculations 
An harmonic force field was calculated for PF 20CH 3 using the computer 
program, GAMP. 107  The atomic coordinates used initially were those from the 
ra structure determined above. However, the calculations were later repeated 
using the more accurate coordinates obtained near the end of the refinement 
of the ray  structure. The molecule was assumed to have C symmetry and 
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thus the symmetry coordinates (Table 6.5) were of either A' or A" symmetry 
species. The initial force constants used were general values 108 appropriate to 
the type of symmetry coordinate. The observed vibrational frequencies and 
assignment were those of Dung and Streusand 60 and frequencies for both the 
normal and deuterated species were used in the calculation (Table 6.6). The 
inexact fitting of the frequencies is probably largely due to the anharmonicity 
effects in the observed frequencies. 
Once a satisfactory force field (Table 6.7) had been obtained this was used 
to calculate vibrational amplitudes (u) and perpendicular amplitude correction 
coefficients (K). Vibrational correction factors were also calculated for each 
rotation constant of the normal, deuterated, 13C and 180 isotopic species. 
These corrections were subtracted from the literature 81 130 values to give the 
B z  values used in the r ay, structure refinement. 
64.3. Refinement of the r ay  structure 
All the amplitudes of vibration were changed to the calculated values, 
though those which were refining were still allowed to do so. The 
perpendicular amplitude correction coefficients (K) were entered allowing the 
structure to be refined using r ot parameters (table 6.8). The corrected 
observed rotation constants (B) for the normal isotopic species were then 
introduced, with large uncertainties (and thus low weighting) at first. The 
uncertainties were then gradually reduced to twice the quoted experimental 
values where they were left for the present while more rotation constants 
were added to the refinement. 
The rotation constants for the deuterated species were then also included 
in the refinement, again with large uncertainties at first. At this point an extra 
parameter Sh.CD was also added. This allowed for the slight shortening of the 
C-H bond upon deuteration. As the uncertainties for the PF 20CD3 data were 
reduced the refinement started to diverge instead of converging. Since, 
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= Twist about P-O bond 
A': S 1 = ( 1//2) [ r + r 3 I 
S2 = 
S3 = (1//2) [ a 23 + a 24 I 
S 4 = 
S 5 = ( 1//2) [ ct5 - 1/2 ( ct35 + ct 45 )] 
S 6 = r4 
S 7  = ( 1/12) [ r6 -'- r7] 
S 8 = 
S 9 = ( 1/12) [ a 5 + a58 
S 10 = a78 
S11 = 
A": S 1 = ( 1/12) [ r2 - r 3 I 
S2 = ( 1/12) [ ct 3 - a24 I 
S3 = ( 1/12) [ a - a 45 I 
S 4 = 	r - r 7 
S5 = ( 1112) [ a57 - a58 
S6 = Ti8 
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Obs. Caic. Diff. Obs. 
3032.00 3032.00 0.00 2278.00 
1469.00 1468,97 0.03 1079.00 
1157.00 1157.02 -0.02 892.00 
797.00 797.00 0.00 796.00 
372.00 372.00 0.00 370.00 
123.00 123,00 0.00 116.00 


































PF20CH 3 PF20CD3 
Frequency/cm -1  Frequency/cm -1  
Cbs. Caic. Diff. Obs. Calc. 
2970.00 2969.99 0.01 2159.00 2056.34 
2861.00 2861.00 0.00 2092.00 2219.11 
1469.00 1468.99 0,01 1079.00 1210.89 
1445.00 1444.99 0.01 1064.00 1070.78 
1181.00 1181.00 0,00 920.00 950.97 
1057.00 1057.05 -0.05 1076.00 996.43 
785.00 784.98 0.02 827.00 773.35 
829.00 828.98 0.02 746.00 728.66 
539.00 538.98 0.02 526.00 528.30 
474.00 474.01 -0,01 470.00 473.80 
215.00 215.00 0.00 194.00 196.49 













- 113 - 
0. 0. 1.070 
0, 0. 0.375 0.792 
0. 0. 0. 0. 0.902 
0. 0. -0.572 -0.517 0. 4.408 
0. 0. 0.474 0.290 0.267 0. 4.591 
0. 0. 0.626 0.448 0.262 0. 1.384 6.090 
0. 0. 0. 0. 0. 0. -0.280 0. 	2.456 
0. 0. 0. 0. 0. 0. 0. -0.426 	0. 	2.499 
0. 0. 0. 0. 0. 0. 0. 0. 	0. 0. 0.695 








0. 0. 	0.898 
0. 	0. 0. 	4.100 
0. 0. 	0. 0. 	1.264 
0. 	0. 0. 	0. 0. 	0.054 
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0. 0(fixed) 
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a Mixed r/ro structure; see reference 82. 
b Calculated from r(P-F) and r(P-0). 
c For ray  and ra  structures these are ra distances. 
1i1 
experimentally, it is actually B+C and B-C which are measured, the latter with 
a lower precision than the former, the values used in the refinement were 
changed to a sum and difference of B and C. The uncertainty for the individual 
rotation constants was used as the uncertainty in the sum and a value of 
about eight times this was thought to be adequate to allow for the additional 
uncertainty in the difference. Small changes in some of the fixed structural 
parameters were also made, C-H was changed to 109 pm, the OCH angle to 
109 °  and the methyl tilt to -1 °. Now introduction of the rotation constants for 
PF 2 0CD 3  resulted in a converging refinement. In addition the OCH angle could 
now be refined. 
The rotation constants for the 180 and 13C isotopically substituted species 
were now also introduced into the refinement. However, the weighting given 
to these values was not as high as for the other species because of the 
uncertainty in the calculated values due to slight changes in the structure 
caused by substitution. The uncertainties in the normal and deuterated data 
were reduced to the experimental uncertainties and the C-H length was 
refined. Attempts were made to refine all other geometrical parameters, but 
these resulted in either unrealistic values or very large uncertainties for the 
parameters. 
At this stage the improved atomic coordinates were used to calculate a 
new force field. The resulting amplitudes of vibration, K-values (table 6.9) and 
vibrational corrections (table 6.10) were then applied to the refining structure. 
Isotopic substitution corrections 109  (dr) for all the bonded distances in the 
isotopically substituted species were also introduced into the calculations of 
the rotation constants from the molecular model. The values of these 
corrections were estimated using the equation 6r"(3a/2)6(u 2)- SK, where cS 
indicates (substituted species - normal species) and a is the anharmonicity 
constant. 







































Table 6.9. Interatomic distances, amplitudes (u) and perpendicular vibration 
correction coefficients (K) for PF 20CH3. All values in pm. 
dl 
	
(P-F) 	159.3 (2) 
d2 
	
(P-0) 	157.5 (6) 
d3 
	
(0-C) 	145.7 (3) 
d4 
	
(C-H) 	111.5 (5) 
d5 
	
(P.. .C) 	266.6 (3) 
d6 
	
(F.. .F) 	234.5 (1) 
d7 
	
(F.. .0) 	245.1 (2) 
d8 
	
(0. ..H) 	209.2(36) 
d9 
	
(0.. .H) 	208.1 (9) 
dlO 
	
(H.. .H) 	183.3(11) 
dli 
	
(P. ..H) 	356.6(27) 
d12 
	
(P. ..H) 	291.2(16) 
d13 
	
(P. ..H) 	291.2(16) 
d14 
	
(F.. .C) 	294.0 (3) 
d15 
	
(F.. .C) 	294.0 (3) 
d16 
	
(F.. .H) 	394.1(15) 
d17 
	
(F. ..H) 	254.8(18) 
d18 
	
(F.. .H) 	329.0(14) 
d19 
	
(F. ..H) 	394.1(15) 
d20 
	
(F. ..H) 	329.0(14) 
d21 
	
(F.. .H) 	254.8(18) 
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Table 6.10. Observed and calculated rotation constants for PF 20CH 3. All values in 
MHz. 
Vib. 
corr. B Z Caic. Diff. Uncertaint 
H: A 5980.13 7.05 5973.08 5971.90 1.18 2.00 
B 3641.82 5.26 3636.56 3636.48 0.08 0.53 
C 3123.46 2.39 3121.07 3121.42 -0.35 0.24 
D: A 5715.34 6,09 5709.25 5711.81 -2.56 2.00 
B 3252.64 4.34 3248.30 3249.05 -0.75 0,43 
C 2843.72 1.95 2841.77 2841.38 0.39 0.20 
180: A 5924.79 6.63 5918.16 5918.30 -0.14 2.00 
B 3566.41 4.96 3561.45 3561.15 0.30 0.50 
C 3082.56 2.38 3080.18 3080.09 0.09 0.24 
13C: A 5962.10 7.07 5955.03 5954,03 1.00 2.00 
B 3542.68 5.12 3537.56 3537.09 0.47 0.51 
C 3054.87 2,32 3052.55 3052.78 -0.23 0.23 
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The methyl tilt was refined and, though the resulting e.s.d. was greater 
than the refined value, this value was reasonable and having as many 
parameters refining as possible should give more accurate values for the 
uncertainties of other parameters. Attempts to refine P-O twist and 0-C twist 
resulted not only in large uncertainties but also a very poor fit of the rotation 
constants, so these parameters were left fixed. When the Sh.CD parameter was 
refined it became very large, about 2 pm. It is unlikely that the difference 
between the C-H and C-D bond lengths are this large so the parameter was 
left fixed at 0.4 pm. 
Until now the uncertainties in the vibrational corrections had been 
neglected. Unfortunately it is not possible to calculate these uncertainties. 
Experience 110 suggests that about 10% of the value of the correction can be 
taken as a rough estimate of the uncertainty in the correction. For the values 
calculated here this means that for the B and C rotation constants (table 6.10) 
the experimental uncertainties are negligible compared to those for the 
corrections, while for the A constants the experimental uncertainty remains 
most significant. Consequently, there is now no reason to continue using the 
combined and difference B and C values. Therefore the values were changed 
to those of the individual rotation constants with uncertainties of 10% of the 
correction for B and C and the experimental uncertainty for the A value. 
This change had only a small effect on the determined structure. The final 
value of RG obtained was 0.084. The final parameters are given in table 6.8, the 
list of interatomic distances in table 6.9 and the calculated rotation constants 
in table 6.10. The experimental and final difference molecular scattering curves 
are shown in figure 6.5 and views of the molecular structure are shown in 
figure 6.6. The correlation matrix is given in table 6.11. 
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Figure 6.5. Observed and final weighted difference molecular-scattering intensities for 
PF 20CH3 at nozzle-to-plate distances of (a) 286 and (b) 128 mm. 
I-' 
EI 
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Figure 6.6. Perspective views of PF 20CH3. 
General view. 
View along the bisector of angle POC. 
- 121 - 
Table 6.11. Least squares correlation matrix (X 100) for PF 20CH 3. All elements 
with absolute value <50 have been removed. 
P 3 	P 5 	P 6 P 7 	P11 u 3 	k 1 
—70 P1 
58 	95 	—73 —89 P 2 
73 —65 p 3 
—60 —94 P 5 
—83 P 8 
66 	61 	u 1 
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6.4.4. Discussion 
The structure obtained using the electron diffraction data alone does give 
a reasonable fit, the R-factor being 7.5%. However, the bond lengths are 
poorly determined, particularly for the P-O and P-F lengths, due to the 
correlation of these similar distances. The value obtained for the P-O length is 
greater than that for P-F, but the e.s.d. on the difference is sufficiently large 
that this difference is not significant. 
Including the rotation constants in the refinement resulted in the P-F bond 
length being determined as longer than the P-O length. Moreover, the 
difference between these distances was much better determined than 
previously and is now significant. The C-O bond length is also significantly 
longer in the r ay  structure than in the ra  structure. The R-factors for the two 
structures are not comparable since in the second case more data are being 
fitted so RG  is likely to be larger simply for this reason. The better fit of the 
second structure is apparent in the uncertainties for the geometrical 
parameters, which are all smaller than they were in the first structure. 
Furthermore, the r ay  structure has three more parameters refining than does 
the ra structure; the distance C-H, OCH angle and Me tilt. The uncertainties in 
the refining amplitudes are generally only slightly lower in the rev  structure 
than they were in the ra  structure and one, u(O-C), is actually slightly larger. 
The values obtained for the independent distances and angles are similar 
to those deduced from the microwave data alone (table 6.8), but the 
uncertainties are much improved. The only value significantly different is the 
C-H length which is 2.5(11) pm longer in the structure obtained here than in 
that where only the rotation constants were used. The P-O and P-F lengths 
found for PF 20CH 3 are similar to those found earlier for (PF 2)OCH 2 CCCH 2 0(PF 2 ) 
and PF 20CH 2 CH 2CN (see chapter 3), as are the FPF and FPO angles. The 
determined length of the C-O bond is large compared to the values of 141.6(3) 
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and 142.8(3) pm found 111  in dimethyl ether and methanol, respectively. An 
increase in length might be expected due to the electronegative -PF 2 group, 
but this is not observed in (PF 2)OCH 2CCCH 20(PF2) or PF20CH 2 CH 2CN where the 
C-O lengths are actually shorter than in dimethyl ether. The COP angle found 
here is slightly larger than those in (PF 2 )OCH 2 CCCH 20(PF2) and PF 2OCH 2CH 2CN. 
The conformation adopted by PF 20CH 3 results in two short F ... H 
distances of about 255 pm. Such short F ... H contacts have previously been 
noted 28,62,64.65,79,80 in many other difluorophosphines. The direction, or indeed 
presence, of a methyl tilt is indeterminate due to the large e.s.d. on this 
parameter. However, a tilt towards the -PF 2 group would not seem 
unreasonable in light of the apparent attraction between the fluorine and 
hydrogen atoms. 
6.5. Comparison of the structures of PF2Y- groups 
The 	structures 	of 	the 	PF 20- 	groups 	found 	in 	PF 2 0CH 3 , 
(PF 2)OCH 2CCCH 20(PF2) and PF 2 0CH 2CH 2CN are compared with those found in 
other PF20- compounds, and PF 2Y- compounds generally, in table 6.12. The 
P-F bond lengths are longer than any found previously, though there are 
others up to 159 pm. In contrast, the P-O lengths are shorter than for any of 
the other PF 20- compounds. Plots of P-F against P-Y for those compounds 
with V = 0, N, C and S (figure 6.7) show a correlation of increasing P-F with 
decreasing P-V for the oxygen, sulphur and some of the nitrogen compounds. 
For the carbon compounds the different hybridisation in each case will 
have a large effect on the P-C length. Comparison of the C-C single bond 
lengths in ethane, 112  butene 113 and butyne 1 ' 4 shows the extent of the effect 
of hybridisation and allows a "correction factor" to be calculated so bonds can 
be compared on the same basis. If these are applied to the P-C lengths in the 
PF 2C- compounds then a similar correlation between P-F and P-V to that 
noted above is observed. The P-N bond lengths for the compounds C(NPF2)2, 
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NJ 
U, 
Table 6.12. Comparison of structures of F 2PY- compounds determined by electron diffraction. 
Compound Y r(P-F) r(P-Y) <FPF <FPY Ref. 
1 C(CH 3 ) 3 PF 2 C 158.9 (4) 182.2(12) 99,1(17) 99.0 (6) 118 
2 PF 2 C 6 H 5 C 158.0 (3) 180.9 (7) 102.3(12) 98.8(11) 80 
3 PF2 CN C 156.8 (3). 179.2 (9) 97.9 (3) 98.3 (3) 78 
4 PF 2N(CH 3 ) 2 N 159.1 (1) 165.7 (6) 92.7 (4) 99.2 (4) a 
5 PF2 N(CH 3 )H N 159.3 (4) 164.8 (7) 94.1 (8) 100.6 (4) 64 
6 PF 2 NH2 N 158.1 (3) 166.1 (7) 95.3(11) 101.0(11) 65 
7 PF2NCO N 156.3 (3) 168.3 (6) 97.9 (8) 99.5 (7) 63 
8 PF 2 NCS N 156.6 (3) 168.6 (7) 99.4 (9) 97.7 (8) 63 
9 C(NPF 2 ) 2 N 156.2 (2) 168.0 (6) 103.4 (8) 94.4 (7) 119 
10 N(CH 3 )(PF 2 ) 2 N 158.3 (1) 168.0 (3) 95.1 (2) 99.6 (2) 67 
11 N(PF 2 ) 3 N 157.4 (2) 171.1 (4) 96.9 (3) 99.2 (3) 68 
12 PF 20CH 3 0 159.3 (2) 157.5 (6) 94.8 (2) 101.5 (2) a 
13 PF20CH 2 CH2 CN 0 160.1 (3) 155.1 (8) 93.6 (9) 102.0 (4) b 
14 PF20C 6H5 0 158.5 (7) 158.9(17) 98.0 (f) 98.4 (3) 62 
15 (PF 2 )OCH 2 CCCH 20(PF 2 ) 0 159.8 (3) 155,3 (8) 94.6(11) 100.7 (8) b 
C) 
Table 6.12. (continued) 
Compound Y r(P-F) r(P-Y) <FPF 
<FPY Ref. 
16 1,4-C6 H4 (OPF 2 ) 2 0 157.7 (7) 159.8(13) 96.0(30) 
97.8(16) 28 
17 1,3-C 6H4 (OPF 2 ) 2 0 158.1 (5) 159.7(10) 97.0(20) 
97.8 (8) 28 
18 PO(OPF 2 ) 3 0 158.1(10) 157.6(25) 96.4(14) 
98.3 (6) c 
19 0(PF 2 ) 2 0 156.8 (4) 163.1(10) 99.2(24) 
97,6(12) 61 
20 PF 3 F 157.0 (1) - 97.8 	(2) 
- 93 
21 (PF 2 ) 2 p 158.7 (2) 228.1 	(3) 99.1 	(2) 
95.4 (2) 120 
22 PF 2 SCH3 S 159.0 (3) 208.4 	(3) 95.4 	(5) 
101.2 (2) 79 
23 PF 2 SCH2 CH 3 S 158.8 (2) 208.5 	(4) 96.0 	(5) 
101.1 (3) 28 
24 (PF 2 )S(CH 2 ) 3 S(PF 2 ) S 157.7 (4) 211.2 	(9) 97,4 	(7) 
101,9(12) 28 
25 S(PF 2 ) 2 S 157.2 (2) 213.2 	(4) 97.4 	(5) 100.2 
(4) 79 
26 Se(PF 2 ) 2 Se 157.3 (3) 227.3 	(5) 100.6(11) 98.7 
(4) 79 
a This chapter. 
b See chapter 3. 
c See chapter 5. 
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Figure 6.7(b) PIot'of r(P-F) against r(P-Y) for PF 2C- and PF 2S- compounds. 
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PF2NCO and PF 2NCS will be similarly affected by the sp 2 hybridised nitrogen 
atom. Due to a lack of structures of suitable compounds it is not easy to find 
a similar correction to that found for the carbon compounds. However, if the 
correction for the carbon atoms is used the P-N distances are still too short 
to correlate with those of the sp 3 hybridised PF 2N- compounds. It may be that 
this is due to the phosphorus lone pair being involved in the substituent 
ir-system to some extent. 
The is a possibility that the observed relationship between the P-F and 
P-Y distances is merely a result of correlation between these distances arising 
from the method of structure determination from electron diffraction data 
needs to be considered. This could be particularly significant for the PF 20-
compounds, where the two lengths have very similar values, and could 
possibly also occur for nitrogen compounds. However, such correlation should 
be slight for PF 2S- compounds, in which the P-F and P-S bonds are of quite 
different lengths. Therefore the reflection of the correlations for the oxygen 
and nitrogen compounds in the sulphur compounds suggests the correlation is 
real. Furthermore it is found that the relative positions of different classes of 
compounds are fairtj well defined and are the same for all Y. Thus compounds 
with alkyl substituents have short P-V and long P-F bonds, compounds of the 
type (PF 2)V have long P-V and short P-F bonds and compounds with aryl 
substituents lie somewhere in-between. If the correlation was an artefact of 
the method of determination, a random distribution of the compound classes 
would be expected. The fact that the distribution is not random is strong 
evidence that the effect is real. Nevertheless it is still possible that the extent 
of the correlation is somewhat exaggerated in the PF 20- compounds in 
particular. 
The short P-N bond in PF 2 N(CH 3 )2 has been attributed 
65,99  to the result of 
(p-'d)ir-bonding between a filled p-orbital of the nitrogen atom and an empty 
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d-orbital of the phosphorus atom. The observed trend of lengthening P-N in 
the series of compounds PF 2 N(CH 3)2. N(CH3)(PF2)2 and N(PF 2) 3 could then been 
explained as due to the it-bonding electron pair being spread over more 
bonds. 
657 Similar arguments could be advanced to explain short P-O bonds in 
PF20- compounds. For P-S bonds, however, the (p-d)ii-interaction would be 
expected to be much weaker due to poorer overlap with the sulphur 
3p-orbitals. Despite this, similar changes in the P-V bond lengths for oxygen, 
nitrogen and sulphur compounds are observed in the PF 2Y- compounds. 
Furthermore, it appears that there may be a. similar correlation in PF 2C-
compounds, in which there are no filled p-orbitals available to participate in 
(p-*d)it-bonding. Thus, while not necessarily excluding (p-d)ii-bonding, the 
evidence seems to suggest that it is not the most important factor in 
determining the bond lengths. At in/ti calculations 
115 on siloxanes, in which 
the shortness of the Si-O bond is often attributed to (p+d)ii-bonding, also 
seem to suggest that (p-d)ir-bonding is not the dominant factor determining 
the bond length. 
One possible explanation for the correlation involves the electronegativity 
of the of the substituent on the V atom. An electronegative substituent would 
remove electron density from the P-V bond thus lengthening it. The slightly 
weaker bonding of V to the phosphorus atom would be compensated for by 
slightly stronger bonding by the fluorine atoms and thus shorter P-F bonds. 
Thus a very electronegative group, such as another -PF 2, group would give 
long P-V bonds and short P-F bonds while a comparatively electropositive 
group, such as -CH 3, would give short P-V bonds and long P-F bonds. This is 
the case observed experimentally. It appears that the phenyl group and 
derivatives give an effect intermediate between these two extremes. 
The PF 20- compounds whose structures were determined here have some 
of the smallest FPF angles observed in PF 2Y- compounds and also among the 
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largest FPY angles. There is a hypothesis 
116,117 which suggests that the BAB 
angle in a AB 2  group is related to the A-B bond length such that the B ... B 
distance remains constant. Bartell 
116 quantified this in terms of "hard sphere 
radii" which are summed to give non-bonded distances, in a similar manner to 
the way covalent radii are used for bonded distances. To test this hypothesis 
for the PF 2Y- compounds, the FPF angle was plotted against P-F bond length 
(figure 6.8). A large number of the points do seem to lie in a region where 
r(F... F) varies by only about 5 pm, but there are also a number of points 
which lie considerably outside this range. Note, however, that some of the 
structures have very imprecise values of P-F length or FPF angle, or both, and 
could, with a reasonable probability, lie anywhere within a fairly large area of 
the plot. The F ... F distance seems to be about 235 pm, which is nearly 20 pm 
longer than predicted using the "hard sphere radius" for fluorine atoms given 
by Bartell. However, these radii were calculated from atoms bonded to carbon 
and the data shown here demonstrate that such radii are not transferable to 
very different compounds. 
- 131 - 
92 	 94 	 96 	 98 	 too 	102 	 104 







Figure 6.8 Plot of r(P-F) against angle FPF for PF 2Y- compounds. 
Angle FPF/ ° 
CL 
I 	 - 




CCLQJSDS AND FURTHER WORK  
7.1. Conclusions 
Two new compounds, (PF 2)OCH 2 CCCH 20(PF2) and PF 20CH 2 CH 2CN, have 
been synthesised and characterised by n.m.r. and i.r. spectroscopy. This further 
demonstrates the utility of the reagent S(PF 2 ) 2 for the preparation of 
difluorophosphines of low volatility. However, the attempted preparation of 
PF 20CH 3  by this method indicates that it is not so suitable for the preparation 
of very volatile compounds. 
The reactions of these new ligands with some molybdenum(0) carbonyl 
complexes were studied. The reaction between (PF 2)OCH 2 CCCH20(PF2) and 
[Mo(CO) 511 appears to proceed as expected to give 
[Mo(CO) 5]2[(PF2)OCH2CCCH20(PF2)]. The reaction of Mo(CO) 4(nbd) with 
(PF 2)OCH 2CCCH 2 0(PF 2) gives an insoluble product which is probably a polymer. 
A slightly unusual feature of PF 20CH 2 CH 2CN was its ability to displace 
carbonyl groups at room temperature and without irradiation. Therefore the 
reaction with [Mo(CO) 5 11 -  gives both Mo(CO) 5 (PF 20CH2CH2CN) and 
Mo(CO) 4(PF20CH2CH2CN)2, as does the reaction with MO(CO)6. The reaction 
with Mo(CO) 4(nbd) gives only Mo(CO) 4 (PF 2 0CH 2CH2CN)2. In all reactions it is 
very predominantly the cis isomer of Mo(CO) 4 (PF 20CH 2CH2CN)2 which is 
formed. Thus it appears that the ligand is only capable of directly displacing 
up to two carbonyl groups, and that there is some effect which favours 
formation of the cis isomer. All the complexes were found to be difficult to 
isolate in a pure state since they were always deposited as oils. 
The gas phase structures of the compounds were determined by electron 
diffraction. They showed these compounds to have longer P-F and shorter P-O 
bonds, to the extent that the P-F bond was longer than that of P-O, and larger 
FPO and smaller FPF angles compared to other PF20- compounds. The 
structure of PF 20CH 3  was determined from a combined analysis of data from 
electron diffraction and microwave spectroscopy. This showed similar 
characteristics to the above compounds. 
The correlation between P-F and P-V bond lengths was investigated for 
published structures of PF2Y- compounds determined by electron diffraction. 
There appeared to be similar trends for compounds with V = N and S. those 
compounds with only -PF2 groups attached to V having short P-F and long 
P-Y bonds and those with just alkyl or hydrogen groups as the other 
substituents having long P-F and short P-V bonds. The availability of 
structures of PF20- compounds with alkyl substituents allowed this trend to 
be observed also for compounds with V = 0. It seems to be possible to 
explain this trend qualitatively in terms of the inductive effect of the 
substituent group and without the need for (p-d) -,T-bonding, which has been 
invoked to explain the short P-V bonds in PF 2N- compounds. This does not 
necessarily rule out (p+d)n-bonding, but suggests it is not the most important 
factor determining the bond lengths. The correlation between FPF angle and 
P-F length was also investigated for the PF 2V- compounds. For many 
compounds the F... F distances were similar, about 235 pm, but there were a 
number of compounds in which the distance was up to 10 pm larger than this. 
The structure of PF2N(CH 3 ) 2 was re-determined, giving a similar, but more 
precise structure than was previously obtained. 
65  The result appears to 
confirm that the original determination gave a reasonably accurate r a  structure. 
However, the ra  structure may be considerably distorted from the average 
structure due to shrinkage effects. 
The gas phase structure of PO(OPF2)3 was determined and compared with 
the crystal structure. The main changes from gaseous to crystalline phase 
were an increase in OP'O angle and lengthening of the P'=O' bond, due to 
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linear P'=O'° 	p' contacts in the crystal, and a rotation about the P-O bond to 
accommodate non-linear P'O'o o op contacts. This suggested that the 
intermediate solid phase may contain only the linear P'=O'° o oP' contacts. 
7.2. Further Work 
Difluorophosphine ligands with other possible alternative binding sites, for 
example C=C or C=O, could be synthesised. However, since metal complexes 
of -PF 2  ligands appear to be difficult to isolate, it is probably more important 
to try and find a way of isolating existing complexes first. Experimentation 
with different solvents and various isolation techniques may allow reasonably 
pure samples of complexes to be obtained. This would allow better 
characterisation of these complexes and also provide better starting materials 
for the investigation of metal binding to the other potential coordination sites 
on the ligands. If crystals of complexes could be obtained then comparison of 
gas phase and crystal structures could give an insight into the nature of the 
bonding to the metal. It would be interesting to investigate the reaction of 
PF 2OCH 2CH 2 CN with MO(CO)6 further in an attempt to discover how it occurs. 
One possibility would be to follow the reaction in an i.r. solution cell and 
observe the CN stretching band to see if it shifts. 
The recent appearance 105  of a full assignment of vibration frequencies for 
PF 2 N(CH 3 ) 2  would allow a normal coordinate analysis to be carried out and 
thus the effects of vibrations on the electron diffraction structure could be 
allowed for. Data from microwave spectroscopy are also available 
105 and 
combining these with the electron diffraction data should allow a more 
accurate and precise structure to be obtained. 
More structures of PF 2Y- compounds would be useful to see if they 
conform with the apparent P-F/P-O correlation observed. Structures for a 
range of PF 2C- compounds with sp 3 hybridised carbon atoms would be very 
useful in order to assess any possible correlation for these compounds 
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properly. The structure of PF 2SC 6 H 5 could extend our knowledge of the 
analogy between oxygen and sulphur compounds. Likewise, PF 2 NHC 6 H 5 and 
PF 2N(C 5 H 5 ) 2  would provide similar points for nitrogen compounds. However, 
compounds with phenyl subtituents, particularly more than one, could be 
affected by steric interference. The P-F/P-O correlation could also be 
examined for selenium compounds. The structure of Se(PF 2 )2 has already been 
determined 79  so those of PF 2SeCH 3 and PF 2 SeC 6 H 5 could be examined. 
For all types of Y mentioned above the examination of structures for other 
substituents would provide more points for correlation. Substituents with 
widely differing electronegativities would be useful for testing the proposed 
explanation for these structural characteristics. For example, -CF 3 would 
provide a very electronegative group with no possible interference from 
u-bonding. The compound PF 2 CF 3 is well known 
121  but there seem to be very 
few PF2 YCF 3 compounds reported. One, PF 2SCF 3, has been prepared 
122 but no 
directly analogous oxygen or nitrogen compounds are apparent. The 
substituent -CH 2 CF 3 could also be useful and PF 20CH 2CF 3 has been reported. 
23 
Determination of the crystal structure of the high temperature form of 
PO(OPF 2 ) 3  would clearly be useful in the study of the phase changes of this 
compound. However, crystals of this form are very difficult to grow. 
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CHAPTER a 
EXPJ1EI1TAL 
8.1. Experimental technique 
Volatile compounds were handled in a Pyrex glass vacuum line 
56  in which 
the vacuum was maintained by a three stage mercury diffusion pump backed 
by a rotary oil pump. A Pirani gauge was used to indicate that a sufficiently 
good vacuum (less than 10-6 Torr) was being maintained. Ground glass taps 
and joints were lubricated with Apiezon N and L grease respectively. 
Pressures of volatile materials in the line were measured by means of a spiral 
gauge with a mirror reflecting light from a lamp onto a scale. Pressure 
readings were taken either by reference to the calibrated scale or by using 
zero deflection to indicate a pressure equal to that maintained over a mercury 
manometer. Each time the line was cleaned it was dried in an oven before 
being assembled, left under vacuum for about 24 hours, and treated with 
SiClMe 3  vapour. The line was then, and at frequent intervals, also exposed to a 
sample of S(PF 2 ) 2 to ensure that any remaining water or other -OH groups on 
the surface of the glass would not further react with any fluorophosphines. 
Reactions were carried out in ampoules fitted with 'Sovirel' greaseless taps 
and connected to the vacuum line by ground-glass joints. Volatile materials 
were separated by fractional condensation through traps held at reduced 
temperatures by immersion in slush baths prepared from solvents of known 
melting points, or from acetone and dry ice. 
Transition metal complexes were handled under nitrogen in Schlenk tubes 
or ampoules using a Schienk line. 
56 The nitrogen was supplied from a cylinder 
of oxygen-free nitrogen and was dried by passing it through a phosphorus 
pentoxide column. Reduced pressure was obtained using a rotary oil pump. 
Apiezon grease was used as before except where heating of the apparatus 
was required, in which case Dow Corning High Vacuum silicone grease was 
used. Solvents were either distilled, or dried and deoxygenated, using standard 
methods. 123 
The n.m.r. tubes used were of 5 mm diameter and were attached to the 
vacuum line via ground-glass joints and sealed once filled. The deuterated 
n.m.r. solvents were dried over molecular sieve and degassed and distilled 
before use. 
8.2. Instrumentation 
Infra-red 	spectra 	were 	recorded 	using 	a 	Perkin-Elmer 	598 
spectrophotometer, which covers the range 4000 to 200 cm. Gaseous 
samples were contained in a 100 mm cell fitted with KBr windows and liquid 
samples were placed between Csl plates. The Raman spectrum was recorded 
on a Spex Ramalab spectrometer, using an argon-ion laser with a wavelength 
of 541.5 nm, with the sample held in a glass capillary. Nuclear magnetic 
resonance spectra were recorded on various spectrometers: Jeol FX60Q and 
FX90Q ( 31 P), Bruker WP80SY ( 19 F, 1 H), Bruker WP200SY ( 3 P, 13 C, 1 H) and Bruker 
WH360 ( 31 P, H). 
8.3. Preparation of Reagents 
Those starting materials which were not obtained commercially were 
prepared by methods described in the literature. These preparations are 
outlined in table 8.1, together with the appropriate references. Purification of 
S(SnBu 3 ) 2  was achieved by distillation under reduced pressure (rotary oil 
pump), the fraction boiling between 475 and 481 K being collected. The 
identity and purity of the reagents was checked spectroscopically. It was not 
possible to obtain S(PF 2 )2 without some PF 2HS as an impurity. 31 P n.m.r. 
spectroscopy was used to ensure the level of this impurity was less than 5% 
so that this could be allowed for in the quantities of the reagent used in 
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Table 8.1. Preparation of Reagents 
Compound 
PCI 2 N Me 2 












PF 2 Br 
S (Sn B U 3)2 
S(PF 2) 2 
[C5H5NMe][Mo(CO)51] 
Mo(CO) 4(nbd) 
CO 2 (CO) 6(HOCH 2CCCH20H) 
Preparation 
PCI 3 + 2 NHMe 2 
PCI 2NMe2 + NaF 
Tetrahyronapthalene + Br 2 
PF 2NMe 2 + HBr 
SnBu 3 CI + Na 2S 
2 PF 2Br + S(SnBu 3 ) 2 
MO(CO)6 + [C 5 H 5 NMeII 
MO(CO)6 + nbd 
CO 2(CO)8 + HOCH 2CCCH 20H 
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reactions, which were normally excesses anyway. Volatile reagents were stored 
in evacuated ampoules or traps held at 77 K by immersion in liquid nitrogen. 
In order to keep it dry and free of air, S(SnBu 3 ) 2 was stored over molecular 
sieve and under vacuum. Metal complexes were stored at room temperature 
under vacuum. 
8.4. Experimental Details Relating to Chapter 2 
8.4.1. Preparation of (PF 2)OCH2CCCH20(PF2) 
A sample of HOCH 2 CCCH 20H (4.95 mmcl) was weighed and placed in an 
ampoule which was then evacuated and left open to the pump for 2 hours. 
The reagent, S(PF 2 )2 (10.9 mmol), was condensed into the ampoule which was 
then sealed and warmed to room temperature. After 30 minutes the volatile 
products were transferred to a trap on the vacuum line. The products were 
first fractionated through a trap held at 177 K. The material retained in this 
trap was fractionated through a 227 K trap, which then contained the pure 
product. 
8.4.2. Preparation of PF20CH2CH 2CN 
A weighed quantity of NCCH 2CH 20H (5.90 mmcl) was transferred to an 
ampoule which was then evacuated and left open to the pump for 30 minutes. 
The sample was then left under vacuum for a further 16 hours before being 
briefly exposed to the pump again. A measured quantity of S(PF 2 ) 2 (6.5 mmol) 
was condensed into the ampoule which was then sealed and warmed to room 
temperature. After one hour the volatile products were transferred to a trap on 
the vacuum line. The products were fractionated through a 177 K trap then the 
retained material further fractionated through a trap held at 236 K. The product 
retained in this trap still contained small amounts of impurities. With the trap 
closed the contents were warmed to room temperature and then the trap was 
opened very briefly to the pump. After repeating this procedure once the 
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product remaining in the trap was pure. 
8.5. Experimental Details Relating to Chapter 4 
Since both (PF 2)OCH 2CCCH 20(PF2) and PF 20CH 2CH2CN have low vapour 
pressures, quantities of them could not be measured with sufficient accuracy 
on the vacuum line. Therefore, unless otherwise stated, the following 
procedure was used to provide measured amounts of these ligands. A sample 
was condensed into a small ampoule of known weight which was then 
re-weighed, thus allowing the quantity of ligand it contained to be calculated. 
The ampoule was then re-attached to the vacuum line and, if necessary, ligand 
added or removed and the ampoule re-weighed until an adequate quantity was 
present. The entire contents of the ampoule could then be transferred to the 
reaction vessel when required. 
8.5.1. Reaction of (PF2)OCH2CCCH20(PF2) with [Mo(CO) 5 1] 
The complex, [C 5 H 5 NMeI[Mo(C0) 5 l1 (0.116 mmol), was weighed out and 
placed in an n.m.r. tube fitted with a cone, which was then evacuated and left 
open to the pump for about 30 minutes. Solvent, CCI 3 D (0.5 cm 
3), was 
condensed into the tube, followed by (PF 2)0CH 2CCCH 20(PF 2 ) (0.058 mmol). The 
tube was sealed, warmed to room temperature and the reaction followed by 
31 Pn.m.r. spectroscopy. 
8.5.2. Attempted Preparation of [Mo(CO) 512E(PF2)OCH 2CCCH 20(PF2)] 
The required quantity of [C 5 H 5 NMe][Mo(CO) 51] (0.421 mmol) was dissolved 
in dry CCI 2H2 (1 cm 3) and transferred to a greaseless tap ampoule. The 
solution was degassed and then more solvent (3 cm 3), and 
(PF 2)OCH 2CCCH 20(PF2) (0.204 mmol) were condensed in. The ampoule was 
sealed and warmed to room temperature. The reaction mixture was stirred for 
5 hours and then filtered to give a dark orange solution. The solvent was 
removed by evaporation to leave a dark brown, oily residue. This residue was 
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dissolved in CCI2H2 (1 CM 3) and then diethyl ether (1 cm) was added dropwise 
with stirring. The volume was then reduced by evaporating solvent from the 
mixture, which resulted in an oil separating out. This procedure was repeated 
using ri—pentane, cyclohexane and toluene, but each time an oil separated 
from the solution. Finally all the solvent was again removed to leave the oily 
residue. Diethyl ether (5 cm 
3)  was added to the residue giving a pale yellow 
solution but leaving at least half of the residue undissolved. The solution was 
separated from the residue which was then dissolved in a minimum quantity 
Of CCI 2 1-1 2 (Ca 0.5 cm 3). The solutions were placed into separate glass tubes 
which were then evacuated, sealed, and placed in a refrigerator at 
approximately 250 K for one week. 
8.5.3. Reaction of [Mo(CO)512[(PF2)OCH2CCCH20(PF2)1 with CO2(C0)8 
The n.m.r. tube from the reaction of (PF 2)OCH 2CCCH 20(PF 2) with 
IMO(CO)511- was opened and the solvent evaporated. The residue was then 
dissolved in CCI 2 1D2 (0.5 cm 3) and the resulting solution filtered. The filtered 
solution was then transferred to an n.m.r. tube containing CO 2 (C0)8 
(0.040 mmol). This tube was then attached to the line, the solution degassed 
and the tube sealed. The tube was left at room temperature for 15 minutes 
before being placed in liquid nitrogen to await examination by n.m.r. 
spectroscopy. 
8.5.4. Reaction of CO2(C0)6(H0CH 2CCCH20H) with S(PF 2) 2 
A sample of CO 2(CO) 6(HOCH 2CCCH20H) (0.096 mmol) was weighed out then 
placed in an n.m.r. tube which was then evacuated and the contents were 
immediately cooled to 77 K. Solvent, CCI 3 D (0.5 cm 
3),  was condensed into the 
tube, followed by S(PF 2 ) 2 (0.20 mmol), and the tube sealed. The tube was 
warmed to room temperature and left there for 30 minutes before being frozen 
down until it could be examined. 
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8.5.5. Reaction of (PF2)OCH2CCCH20(PF2) with l\fio(CO) 4(nbd) 
A weighed sample of Mo(CO) 4(nbd) (0.063 mmol) was transferred to an 
n.m.r. tube which was then evacuated and left open to the pump for about 
5 minutes. First CCI 3D (0.5 cm 
3 ), and then (PF 2)OCH 2CCCH 20(PF 2 ) 
(0.064 mmol), were condensed into the tube which was then sealed. The tube 
was left at room temperature for 15 minutes then immersed in liquid nitrogen 
until its n.m.r. spectrum could be obtained. 
8.5.6. Reaction of PF20CH 2CH2CN with [Mo(CO)5 1] 
Into an n.m.r tube was placed a weighed sample of [C5H5NMe][Mo(CO)5 1 ] 
(0.124 mmol) and then the tube was evacuated. The ligand, PF 2 0CH 2CH 2CN 
(0.124 mmol) and CCI 2 D 2 (0.5 cm 
3) were condensed into the tube which was 
then sealed and warmed to room temperature. The reaction was followed by 
31 P n.m.r. spectroscopy. 
After the reaction had gone to completion the tube was opened and the 
contents were filtered. The resulting solution was added to another n.m.r tube 
containing NCCH 2CH20H (0.045 mmol) and the tube evacuated. Dry CCI 2 1-12 
(0.2 cm 3)  was condensed into the tube which was then sealed, warmed to 
room temperature and examined by n.m.r. spectroscopy. 
8.5.7. Reaction of PF 20CH2CH2CM with MO(CO)6 
Molybdenum hexacarbonyl (0.091 mmol) was weighed out and placed in an 
n.m.r. tube which was then evacuated. Solvent, CCI 3 D (0.5 cm 3), and 
PF 20CH 2CH 2CN (0.093 mmol) were condensed into the tube which was then 
sealed. The tube was left at room temperature for 24 hours then examined by 
n.m.r. spectroscopy. 
The sealed tube was attached to the vacuum line, the contents were 
frozen in liquid nitrogen, and it was then opened. Any gas which had not 
condensed was allowed to expand into an evacuated i.r. cell which was then 
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closed and the i.r. spectrum recorded. 
8.5.8. Reaction of PF 20CH2CH2C with Mo(CO)4(nbd) 
An n.m.r. tube fitted with a cone was attached to the vacuum line via a tap 
adaptor and evacuated. The tap was then closed and the tube and adaptor 
assembly removed and weighed. Some ligand was then condensed into the 
tube and the assembly reweighed to give the amount of PF 20CH 2 CH 2 CN 
(0.11 mmol) present. Dry CCI 3 D (0.5 cm 3) was condensed into the tube then, 
with a flow of dry nitrogen passing over the mouth of the tube, it was opened 
and Mo(CO) 4(nbd) (0.054 mmcl) was added. The tube was evacuated, the 
solution degassed and the tube sealed. After warming to room temperature 
the reaction was followed by 31 P n.m.r. spectroscopy. 
8.5.9. Attempted Preparation of Mo(CO) 4(PF20CH2CH 2CN)2 
A sample of Mo(CO) 4(nbd) (0.187 mmcl) was weighed and placed in a 
Schlenk tube which was then attached to the vacuum line via a tap adaptor, 
evacuated, and left open to the pump for about one hour. Dry, degassed 
CCI 2 H 2 (4 cm 3) and PF 20CH 2 CH 2 CN (0.384 mmol) were condensed in, the tap 
closed and the tube warmed to room temperature. The solution was stirred at 
room temperature for 45 hours then the volatile components of the reaction 
mixture were removed leaving a light yellow oily solid. The residue was 
dissolved in CCI 2H 2, filtered, and the solvent removed to leave a light yellow 
oil. Attempts to precipitate a solid were then made using the same procedure 
as in section 8.5.2, and with the same solvents, but each time the deposit from 
the solution was an oil. 
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8.6. Experimental Procedure Relating to Chapter 6 
8.6.1. Attempted preparation of PF 20CH3 
Dry methanol (1.0 mmol) and S(PF 2) 2 (1.2 mmol) were condensed into an 
evacuated ampoule which was then sealed and warmed to room temperature. 
After 30 minutes the volatile products were transferred to a trap on the 
vacuum line. The products were first fractionated through a trap held at 153 K 
then the pass material was fractionated through a 143 K trap. The material 
retained in this trap was once more fractionated through the trap held at 
143 K. Though i.r. spectroscopy showed the presence of the desired product, 
there was also considerable PF 2 HS present. 
8.6.2. Preparation of PF20CH 3 
A 250 cm  bulb ampoule was evacuated then filled with nitrogen. Under 
nitrogen, dry 2,6-dimethylpyridine (2.25 cm 3) was placed in the bulb using a 
syringe. The ampoule was sealed, the contents cooled to 77 K and the bulb 
evacuated. Methanol (10.0 mmol) and PBrF 2 (10.0 mmol) were condensed into 
the ampoule which was then sealed and warmed to room temperature. After 
15 minutes the contents were cooled to 77 K then warmed back to room 
temperature and the volatile products transferred to a trap on the vacuum line. 
The products were fractionated through a 177 K trap then the pass material 
was fractionated through a trap held at 143 K. The contents of this trap were 
again fractionated through a 177 K trap and the pass material taken as the 
product. This, however, still contained some impurity, CH 3Br, which could not 
be removed. 
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APPENDIX 1 
COMPUTER PROGRAMS 
Two computer programs were written to assist with some of the work 
involved with this thesis. 
A1.1 Program to determine set of interatomic distances 
This Fortran program determines a complete set of interatomic distances 
descriptions for the molecule. It uses the model subroutine (COORDS) required 
by the ED87 program 53,54  to calculate atom coordinates and also the random 
number generating subroutine (GO5CAF) from the NAG Fortran library. 
127 
The program requires, as input, the number of atoms and their atomic 
numbers and the number of parameters, their names and values. The 
connectivity between the atoms must also be specified and this is done by 
giving each atom number in order of connection, with breaks in connectivity 
denoted by '0'. The connectivity data may be extended across as many lines as 
required, with line breaks assumed to be breaks in connectivity, and are 
terminated by '-1'. For example the connectivity of PF 2 0CH 3 would be 
specified by the number string: 
21567013014068-1 
(H C 0 P F 	C H 	C H 	P F) 
The atomic symbols are given here for reference only and are not required by 
the program. 
The program produces three files containing the set of distances in 
various forms. The distances are always given in a specific order determined 
by the hierarchy: number of bonds separating atoms, atomic number of first 
atom (highest to lowest), atomic number of second atom, atom number. The 
first file (FDLIST) contains a list of all the interatomic distances with an 
indication for each distance of which other distances are equivalent to it. The 
second (EDLIST) contains a list of all the unique distances together with their 
multiplicities. These lists are useful for checking that all possible distances 
within the molecule have been considered and that degeneracies have been 
correctly assessed. 
The third file (RINP) is in a form suitable for input into the ED87 program 
and contains the data required by this program for refinement. This saves a lot 
of typing and thus time and risk of errors. The file contains the unique 
distance list with each distance given an amplitude of vibration, a K-value of 
zero and an anharmonicity constant. The amplitudes of vibration supplied 
depend simply on the number of bonds relating to the distance and are 0.050, 
0.085, 0.150 and 0.200 A for one, two, three and four or more bond distances 
respectively. If required, any of these values can be changed by editing the file 
before it is used with the ED87 program. The anharmonicity constant is either 
2.0 for bonded distances or zero for non-bonded distances. The file also 
contains parameter names and values, scale factor lines for two data sets and 
atomic numbers. 
The program determines which distances are equivalent by calculating 
actual distances values from a set of parameters and finding which are equal. 
However, each input parameter is first adjusted by adding a small random 
offset. This ensures that distances are not deduced as equal simply because of 
the particular values of the parameters, for example a zero twist angte. In fact, 
two complete sets of distance values are calculated from different parameter 
sets and the distances are only taken as equivalent if the values in both sets 
are equal. This procedure allows for the possibility that two distance values 
may be coincidentally equal. The program determines the number of bonds 
between atoms by setting up a connectivity matrix for the molecule. First the 
one-bond connections are set from the input data. The program next finds, for 
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each atom, the atoms to which 	it 	is bonded, and to which atoms they are 
bonded, and thus sets the-two bond connections. This procedure is extended 
to increasing bond orders until all the connectivities have been determined. 
Program listing 
1 ** 
2 **PROGRAM TO EVALUATE INTERATOMIC DISTANCES AND OUTPUT FILES** 
3 	 TO ELECTRON DIFFRACTION STRUCTURAL DETERMINATION.** 
4 ** V1.3 	9/7/87 M.J.DAVIS 	 ** 
5 ** 
6 	IMPLICIT DOUBLE PRECISION (A-H 2 O-Z) 
7 INTEGER C(20,20) ,AA(200) ,AB(200),BN(200) 
8 	INTEGER EQN(200) , EQD( 200,20) ,MULT(200) 
9 DIMENSION INP(25) ,NZ(20) ,NO(20) ,AMPS(4) 
10 	DIMENSION D(200,2) ,X(50),Y(50),Z(50) 
11 DIMENSION SPAR(20) 
12 	CHARACTER*2,BNS(20),BS*7,NPAR(20)*8 
13 COMMON/M80/PAR(20),R(100),RM(100),U(100) 
14 	DATA MULT/200*1/ 
15 DATA AMPS/-0.05,-0.085,-0.15, -0.2/ 
16 	DATA BNS/' 1 , 	2 / 	3' , ' 4' , ' 5' , ' 6' , 	7 , ' 8 4 , 1  9 
17 & ' 10' , ' 11' , ' 12 ' , ' 13 ' , ' 14' , ' 15' , ' 16 ' , '17' , ' 18' , ' 19' , ' 207 
18 **READ AND PROCESS CONNECTIVITY**(A) 
19 	WP.ITE(6,1001) 
20 WTUTE(6,1002) 
21 	14 READ(5,1000)(INP(I),I1,25) 
22 1=1 
23 	12 IF(I.GT.24)GO TO 14 
24 IF(INP(I+1).LE.0)GO TO 11 




29 	11 IF(INP(I+1).LT.0)GO TO 13 
30 1=1+2 
31 	GOTO12 
32 13 CONTINUE 






39 DO 1 N1,NAT 
40 	1=0 
41 J0 
42 	5 1=1+1 
43 IF(I.GT.NAT)TEEN 
44 	WRITE(6,1015) 
45 GO TO 100 
46 	END IF 
47 DO 3 M1,NAT 
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48 IF(C(N,M).NE.I)GO TO 3 
49 JJ+1 
50 DO 2 L=1,NAT 
51 IF(C(M,L).NE.1)GO TO 2 
52 IF(C(N,L).NE.0)GO TO 2 
53 IF(N.GE.L)GO TO 2 
54 C(N,L)1+1 
55 C(L,N)1+1 
56 2 CONTINUE 
57 3 CONTINUE 
58 IF(J.LT.(NAT-1))GO TO 5 
59 WRITE(1,1006)N,(C(N,K),K1,NAT) 
60 1 CONTINUE 
61 **READ AND SORT ATOMIC NUMBERS**(C) 
62 WRITE(6,1010) 
63 READ(5,1000)(NZ(I),I1,NAT) 
64 DO 31 I=1,NAT 
65 31 NO(I)=I 
66 33 J=0 
67 DO 32 I=1,NAT 





73 32 CONTINUE 




78 **DETERMINE DISTANCE ORDER**(D) 
79 NDNAT*(NAT_1)/2 
80 42 NB=NB+1 
81 IF(NB.GT .NAT)THEN 
82 WRITE(6,1015) 
83 GO TO 100 
84 END IF 
85 DO 41 I1,NAT 
86 NNO(I) 
87 DO 43 J=I+1,NAT 
88 MNO(J) 





94 43 CONTINUE 
95 41 CONTINUE 
96 IF(ID.LT .ND)GO TO 42 
97 **ADJUST FOR EQUIV. ATOMIC NUMBERS** 
98 46 3=0 
99 DO 44 11,ND 
100 IF(NZ(AA(I)).NE.NZ(AA(I+1)))GO TO 45 
101 IF(NZ(AB(I)).GE.NZ(AB(I -4- 1)))GO TO 45 
102 K=AA(I) 
103 AA(I)AA(I+1) 
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104 	AA(I+1)=K 







112 	45 CONTINUE 
113 44 CONTINUE 
114 	IF(J.NE.0)GO TO 46 




119 DO 56 I=1,NP 
120 	56 READ(5,1027)NPAR(I),SPAR(I) 
121 DO 52 K=1,2 
122 	DO 51 J=1,NP 
123 T=G05CAF(DUM) 
124 	51 PAR(J)SPAR(J)+T-0.5 
125 CALL COORD(X,Y,Z) 
126 	DO 52 N=1,ND 
127 I=AA(N) 
128 	JAB(N) 
129 52 D(N,K)SQRT( (X(J)-X(I) )**24.(y(J)_y(I) )**2+(Z(J)_Z(I) )**2) 
130 	ND[JND 
131 DO 53 I=1,ND 
132 	DO 53 J=I+1,ND 
133 IF((ABS(D(I,1)_D(J,1)).GT.1E_5).OR.(ABS(D(I,2)H?(J, 2 )) 





139 IF (MULT(I).NE.0)THEN 
140 	MULT(I)MTJLT(I)+1 
141 NDtJNDU-1 
142 	END IF 
143 MtJLT(J)0 
144 	53 CONTINUE 












157 WRITE(3,1000)(NZ(I) ,I=1,NAT) 
158 	DO 57 11,NP 
159 57 WRITE(3,1027)NPAR(I),SPAR(I) 
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160 	DO 54 I=1,ND 
161 IF(BN(I).NE.BN(I-1))THEN 




166 	IF(BN(I) .GT.1)ANH0.0 
167 ELSE 
168 	BS=' 
169 END IF 
170 	WRITE(1,1021)BS,I,AA(I),AB(I),(EQD(I,K),K=1,EQN(I)) 








179 1000 FORMAT(2513) 
180 1001 FORMAT(' Give connectivity,each atom no.13, 0 to break') 
181 1002 FORMAT(' connectivity, -1 to end.') 
182 1003 FORMAT(' Give number of atoms.') 
183 1004 FORMAT(' Atom 1 ,12,'isolated.') 
184 1005 FORMAT(6X,2013) 
185 1006 FORMAT(13,3X,2013) 
186 1010 FORMAT(' Give atomic numbers in atom no. order') 
187 1015 FORMAT(' Connectivity error - Program terminated.') 
188 1021 FORMAT (A7,2X,13,7X,12,1X,12,5X,2014) 
189 1022 FORMAT (7X,'Dist.No. Atom Nos. 	Equiv.Dists.') 
190 1023 FORMAT (2X,13,3X,A7,2X,12,1X,12,5X,12) 
191 1024 FORMAT ('Dist.No.',9X, 1 Atom Nos. Mult.') 
192 1025 FORMAT(1X,'Give no. of parameters (13)') 
193 1026 FORMAT(313,3F8.4) 
194 1027 FORMAT(A8,F8.4) 
195 1028 FORMAT(' 	1.0000 0.5000 1.0000') 
196 1029 FORMAT(' Give parameter names (A8) and values (F8.4) in 
197 	&order') 
198 1050 FORMAT( 
199 	100 END 
A1.2 [AXn]2  spectrum analysis program 
This program calculates coupling constants from supplied line positions of 
an n.m.r. spectrum on the basis of an [AX]2 spin system, using the equations 
of Harris. 47 It requires line positions, for one half of the centro-symmetric 
pattern only, for the N-line and the innermost line and either the second inner 
line or the first outer line. It will then calculate the J., JAX and J. coupling 
constants and also the line positions and relative intensities for all the lines in 
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the spectrum. The program can also be used to calculate line 	positions and 
relative intensities from given values of the above coupling constants. In both 
cases, if each input datum is supplied with an estimated uncertainty then all 
calculated values will be given with an e.s.d. calculated from these. 
Program listing 
1 **AXN2 N.M.R SPECTRUM ANALISIS PROGRAM** 
2 **V 4.3 10/11/87 M.J.DAVIS 	 ** 
3 ** 
4 	IMPLICIT REAL (J,L) 
5 CHARACTER*1,CS*8,CP*4,CT,CR 
6 	INTEGER B(9),TI,TH 
7 DIMENSION PN(2) ,PI(2),Q(2) ,EPN(2),EPI(2) 
8 	DIMENSION CSO(9) ,CSI(9) ,EP(9),ZO(9) ,ZI(9) ,EZ(9) 
9 **READ DATA FROM USER** 
10 	WRITE(6,1011) 
11 READ(5,1012) N 
12 	WRITE(6,1019) 
13 READ(5,1020) CR 





19 READ(5,1018) JA,JAX,JXA 
20 	JASJA**2 
21 LS(JAX_JXA)**2 
22 	GO TO 20 
23 19 IF(CT.EQ.'Y') GO TO 31 
24 	WRITE(6,1016) 
25 READ(5,1017) ZN,EZN 
26 	IF(EZN.EQ.0) FE=1 




31 DO 1 K=1,2 
32 	READ(5,1002)PN(K),EPN(K) 
33 1 IF(EPN(K).EQ.0) FE=1 
34 	SN=ABS(PN(1)-PN(2)) 
35 C=(PN(1)+PN(2))/2 
36 	31 WRITE(6,1003) 
37 READ(5,1002)PI(1) ,EPI(1) 




42 	READ(5,1002)PI(2) ,EPI(2) 
43 IF(PI(2).EQ.0) THEN 
44 	WRITE(6,1009) 
45 READ(5,1002)PO,EPO 
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46 	IF(EPO.EQ.0) FE=1 
47 **CALCULATE COUPLING CONSTANTS** 
48 	JA=ABS(PO-PI(1)) 
49 JASJA**2 
50 	LS(S1+ABS(JA) )**2_JAS 
51 ELSE 













65 **CALCULATE ESD'S OF COUPLING CONSTANTS** 
66 	IF(FE.EQ.1) GO TO 7 
67 SESNEPN( 1)**2+EPN(2 ) **2 
68 	SECSESN/4 
69 SES14*(EPI(1)**2+SEC) 









79 END IF 
80 	EJAXSQRT(SESN+SEL)/2 
81 EJASQRT(SEJA) 
82 **OUTPUT COUPLING CONSTANTS** 
83 	7 WRITE(6,1005) 
84 CP'JAA 
85 	WRITE(6,1006) CP,JA,EJA 
86 CP'JAX 
87 	WRITE(6,1006) CP,JAX,EJAX 
88 CP'JXA 
89 	WRITE(6,1006) CP,JXA,EJAX 
90 CS'opposite' 
91 	IF (SN.GT.L) CS='the same' 
92 WRITE(6,1007) CS 
93 	 BINOMIAL COEFFICIENTS** 
94 20 B(0)1 
95 	DO 14 K1,N 
96 TH1 
97 	DO 9 M=1,K 
98 TI=B(M-1) 
99 	B(M-1)TH 
100 9 THTI+B(M) 
101 	14 B(K)1 
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114 DO 11 M=K,N 

















132 8 CONTINUE 
133 **OUTPUT CALCULATED SPECTRUM VALUES** 
134 CT'I' 
135 DO 12 K=1,N 
136 PAC+CSI(K)/2 
137 PB=C-CSI(K)/2 





143 WRITE(6,1015) CT,K,PA,PB,EN, ZN,EZN 
144 CTO' 
145 DO 13 K=1,N 
146 PAC+CSO(K)/2 
147 PB=C-CSO(K)/2 
148 13 WRITE(6,1015) 	CT,K,PA,PB,EP(K),ZO(K),EZ(K) 
149 WRITE(6,1021) 
150 READ(5,1020) CT 
151 IF(CT.EQ.'Y') 	GO TO 30 
152 1000 FORMAT(/' 	Give 	line positions(F8.2).[lifleWidthS(F 6 . 2 ))') 
153 1001 FORMAT(' 	N lines') 
154 1002 FORMAT(F8.2,F7.2) 
155 1003 FORMAT(' 	Innermost line') 
156 1005 FORMAT(/' Coupling 	Value 	E.s.d.'/) 
157 1006 FORMAT(5X,A4,2X,2F7.2) 
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158 1007 FORMAT(/' JAX and JXA have ',AB,' signs') 
159 1008 FORMAT(' 2nd inner line (return if not known)') 
160 1009 FORMAT(' Outer line') 
161 1010 FORMAT(' Give: JAA,JAX..JAX (3F7.2).') 
162 1011 FORMAT(' Value of N in AXN2 ?') 
163 1012 FORMAT(Il) 
164 1013 FORMAT(/' Line Positions') 
165 1014 FORMAT(1X,'Des. 1 ,4X,'Lifle Positions',5x,'E.s.d.',6X, 
166 	&'Intensity' ,5X, 'E.s.d. 
167 1015 FORMAT(lx,A1,I1,3x,F8.2, I,  ,F8.2,F9.2,2(5X,F6.2)) 
168 1016 FORMAT(' Give N line intensity (default 100)(f6.2)') 
169 1017 FORMAT(2F6.2) 
170 1018 FORMAT(3F7.2) 
171 1019 FORMAT(' Analysis or simulation? (A/S).') 
172 1020 FORMAT(A1) 
173 1021 FORMAT(/' Repeat? (1/N).') 
174 	100 END 
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APPENDIX 2 
ATOM COORDINATES 
A21 (PF2)OCH 2CCCH20(PF2 ) 
Atom X Y Z 
C 60.612 0.000 0.000 
C 207.865 0.000 0.000 
H 243.026 51.932 87.924 
H 243.026 51.932 -87.924 
o 244.680 -134.310 0.000 
P 390.742 -170.612 -38.435 
F 409.671 -82.019 -170.021 
F 471.989 -70.707 56.117 
o -60,612 0.000 0.000 
o -207.865 0.000 0.000 
H -243.026 -51,932 87.924 
H -243.026 -51.932 -87.924 
o -244.680 134.310 0.000 
P -390.742 170.612 -38.435 
F -409.671 82.019 -170.021 
F -471.989 70.707 56.117 
A22 PF20CH2CH2CH 
Atom X Y Z 
C 0.000 0.000 0.000 
H -40,280 -88.356 48.472 
H -40.280 88.356 48.472 
C -42.895 0.000 -147.906 
H -2.614 88.356 -196.377 
H -2.614 -88.356 -196.377 
C -193.321 0.000 -149.220 
N -311.598 0.000 -150,254 
o 140.650 0.000 0,000 
P 222,554 0.000 131.672 
F 188.867 144.536 191.729 
F 123.764 -75.908 232.225 
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A2.3 PO(OPF 2) 3 
Atom X Y z 
P' 0.000 0.000 0.000 
of 0.000 0.000 140.091 
o 143,488 0.000 -68.508 
P 208.779 93.964 -176.937 
F 345.800 16.949 -194.396 
F 138.320 33.518 -304.971 
o -71.744 -124.264 -68.508 
P -23,014 -227.789 -176.937 
F -158.221 -307.946 -194.396 
F -40.133 -136.548 -304.971 
0 -71.744 124.264 -68.508 
P -185.764 133.826 -176.937 
F -187.579 290.997 -194.396 
F -98.187 103,030 -304.971 
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A2.4 PF2N(CH 3)2 
Atom X I Z 
N 0.000 0.000 0.000 
C 71.350 120,960 35.342 
H 6.211 209.648 3.077 
H 87.044 119.353 148.924 
H 171.214 119.353 -21.000 
C 71.350 -120.960 35.342 
H 6.211 -209.648 3.077 
H 87.044 -119.353 148.924 
H 171.214 -119.353 -21.000 
P -165,669 0.000 0.000 
F -190.862 -103.520 118.145 
F -190.862 -110.179 -111.961 
A25 PF20CH 3 
Atom X I Z 
C 0.000 0.000 0.000 
H -34.840 0,000 -105.041 
H -33.052 91.304 53,091 
H -33.052 -91.304 53.091 
0 144.563 0,000 0.000 
P 232.271 0,000 130.637 
F 164.453 117.097 214.275 
F 164.453 -117.097 214.275 
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